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REINFORCED CONCRETE WALL FOOTINGS AND COLUMN 
FOOTINGS. 


I. Iyrropvucrion. 


1. Preliminary—Footings form an important element in the de- 
sign of masonry structures. The two forms of footing most commonly 
used may be named the wall footing and the column footing, the 
former projecting laterally on the two sides of a longitudinal wall and 
the latter extending in four directions from the base of a column or 
pedestal block. It is usually assumed in the design of foundations that 
the earth conditions are such as to make the upward pressure on the 
footing uniform over its surface. Wide differences exist in methods 
of designing, due to differences in the assumptions made with reference 
to the structural action of the footing. It is not strange that these 
differences exist, since little or no experimental data are available which 
apply directly to the conditions of footings. Relatively short and deep 
beams and slabs under heavy uniform loads, with the supporting pressure 
largely concentrated at the center of the structure, may not be expected 
to give the same results as have been obtained in tests with the more 
slender beams and slabs and with the methods of support and of ap- 
plication of load which have generally been used in tests. With the 
present extensive application of reinforced concrete to footings, especial- 
ly in connection with tall buildings carrying very heavy column loads, 
a more definite knowledge of the structural action of footings has come 
to be of importance. It is appreciated that the tests herein described are 
applicable only to a limited field, but they are offered as a contribu- 
tion on a subject in which little experimentation has been done. 

It may seem strange, considering the wide variations in practice, that 
few failures of footings have been publicly reported. It must be re- 
membered, however, that these structures are out of sight, buried deep 
in the earth without opportunity for inspection. A failure in a foot- 
ing may effect a change in the distribution of the load over the bed of 
the footing, resulting only in increased settlement. Possibly many 
instances of undue settlement of buildings may be due to failure in the 
footings. Possibly, in other cases, the earth at the center of the footing 
may be able to take the increased load under the conditions of side 
restraint developed. It is also probable that many footings have been 


made unduly strong. 
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2. Acknowledgment.—The investigations were made in the Lab- 
oratory of Applied Mechanics of the University of Illinois as a part of 
the work of the University of Illinois Engineering Experiment Sta- 
tion. Direct supervision of the work of making both the wall footings 
and the column footings was given by Mr. D. A. Abrams, Associate in 
the Engineering Experiment Station. He and Mr. W. A. Slater, First 
Assistant in the Engineering Experiment Station, directed and assisted 
in the tests of column footings. The tests of the wall footings were 
made under the direction of members of the laboratory staff. 
Acknowledgment is also made to Mr. Slater and to Mr. H. F. Gonner- 
man, Assistant in the Engineering Experiment Station, for assistance 
in the preparation of this bulletin. The investigation was undertaken 
at the suggestion of Dr. N. C. Ricker, Professor of Architecture. As- 
sistance in the work of testing was given by senior students in archi- 
tectural engineering and civil engineering who used the results in their 
theses. The following participated in the tests: Wall footings—series 
of 1908, Herbert Amery Brand, Horace Leland Bushnell, Arch. Eng’g, 
708. Wall footings—series of 1909, Charles Emery Bressler, Jr., Nels 
Reuben Hjori, Civil Eng’g, 09. Wall footings—series of 1911, Charles 
Aloysius Petry, William Henry Ruskamp, Civil Eng’g, 711, Thomas 
James Giboney, Civil Eng’g, 12. Column footings—series of 1909, 
Norman Haden Hill, Edward Forde Zahrobsky, Arch. Eng’g, ’09. 
Column footings—series of 1910, Charles Harris, James Verney 
Richards, Arch. Eng’g, ’10. Column footings—series of 1911, Edward 
Raylor Kent, Earle Robinson Math, Arch. Eng’g, ’11. Column foot- 
ings—serles of 1912, William Howard Farnum, Cyrus Edmund Palmer, 
Arch. Eng’g, 712. 

3. Scope of Bulletin—The tests of 114 wall footings and 83 
column footings are described in the bulletin. The wall footings were 
12 in. wide, generally 5 ft. in length and 12 in. in depth or 10 in. to the 
center of the reinforcing bars, with a 12x12x12-in. stem in the middle to 
represent the wall through which the test load was applied. The wali 
footing rested on a bed of springs arranged in such a way as to approxi- 
mate conditions of uniform upward pressure on the bottom surface of the 
footing. A variety in method of reinforcement was employed to throw 
light on the development of tensile stress in the steel and on the resist- 
ance to bond, diagonal tension, and shear. Tests of brick footings, unre- 
inforced concrete footings, and footings having I-beams encased in con- 
crete were included in the investigation of wall footings. The column 
footings were 5 ft. square and generally 12 in. thick or 10 in. to the 
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center of the reinforcing bars, and had a 12x12x12-in. pier built over the 
middle through which the load was applied. The column footings also 
were tested on a bed of springs which gave conditions approximating 
those of uniform upward pressure. Variety was given to the amount and 
method of reinforcement and to other conditions with a view of de- 
termining the structural action with respect to tension, bond, diagonal 
tension, and shear, and to give information which would bear upon 
methods of calculation of stresses. It is thought that these are the 
first experimental tests on column footings, and probably the first on 
wall footings on a bed of springs. Analyses are given of the stresses 
in wall footings and column footings and methods of calculation are 
discussed and compared with the results of the tests. 

4. General Theory.—In wall footings and pier footings the weight 
or load is applied vertically through the wall or base block or pier, 
and the upward bearing pressure of the soil (which may also be called 
the load, since its amount and distribution determine the stresses) 
supports this weight from below. The usual assumption on which design 
of footings is based is that the soil pressure is uniform over the bed 
of the footing. Before uniformity of pressure on the footing will 
obtain, the footing must bend to the amount and form which would be 
caused by a uniformly distributed load. The assumption of uniform 
pressure is warranted if the earth layer is an elastic compressible 
soil of considerable thickness and of not too high a modulus of com- 
pressibility, as under these conditions the amount of bend of the pro- 
jection of the footing is slight in comparison with the amount of com- 
pression of the earth. Also, in soft soils which flow laterally, as 
in a so-called floating foundation, the settlement and changes in the 
soil will produce conditions approximating uniform pressure. Where 
the bed is rock the pressure will be transmitted more nearly directly 
from the wall or pier to the rock, and as the projections of the foot- 
ing have little opportunity for being bent upward this portion of the 
footing may be expected to take only a small part of the load. This 
lack of uniformity of distribution of pressure is more likely to be 
present with reinforced footings than with the less flexible unreinforced 
footings which would carry the same load. 

The principles of beam action are, in general, applicable to wall 
footings, but not so fully to column footings, which partake more of the 
nature of slabs. The formulas for calculating stresses in reinforced 
concrete beams have been treated in Bulletin No. 4, “Tests of Reinforced 
Concrete Beams: Series of 1905,” and in Bulletin No. 29, “Tests of 
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Reinforced Concrete Beams: Resistance to Web Stresses.” The prin- 
cipal formulas for beam action in rectangular beams reinforced for 
tension only, as used in this bulletin, will be repeated here. 

The resisting moment of the reinforced concrete beam is (see 
Bulletin No. 29, page 6) 

BG 1) as WH an ep ag orn hick (13) 
where A is the area of cross section of longitudinal reinforcement, 
d is the distance from the compression face to the center of the lon- 
gitudinal reinforcement, d’ is the distance from the center of the re- 
inforcement to the center of gravity of compressive stresses, 7 is the 
ratio of d’ to d (which, for the beams of this bulletin, may be con- 
sidered to vary from .82 to .92), and f is the tensile stress per unit 
of area in the metal reinforcement. 

The formula for the maximum vertical shearing unit-stress in the 
concrete in any vertical section is 


Ci jbd bd’ Shel lohaiieiro Ne hematrehel icv ehisitole ie ce clots 
where V is the total vertical shear at the given section (equivalent 
to the resultant of vertical forces on one side of the section considered), 
and 0 is the breadth of the beam. This formula neglects any horizontal 
tensile stresses in the concrete. 
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Fie. 1. (a) Disrripution or Loap anp Pressurp IN WALL Foorina. 
(6) Moment Curve anp SHnar Curve. (c) DistTRIBUTION oF 
SHEARING STRESS OVER VERTICAL SECTION. 
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The formula for bond unit-stress in horizontal reinforcing bars is 


u=—, 
: WAT rn eee 
where o is the periphery of one longitudinal reinforcing bar, m is the 


number of bars, and the other symbols are as used before. This formula 
neglects any horizontal tensile stresses in the concrete. 

These formulas were derived for certain assumed conditions in the 
beam. Since it is convenient to use them as a means of comparison for 
conditions other than those assumed, as, for example, when the bars 
are bent up at the end, the values obtained from these formulas will 
sometimes be referred to as nominal vertical shearing stresses and 
nominal bond stresses. 

The value of the maximum diagonal tensile unit-stress in any 
section when tensile stresses exist is 


t= st Vhe+e EO Re ee. (19) 
where s is the horizontal tensile unit-stress existing in the concrete 
and v is the horizontal or vertical shearing unit-stress. The direction 
and amount of this maximum diagonal tensile stress will vary with the 
relative values of s and v. In general, it may be said that in the 
ordinary reinforced concrete beam the value of t probably varies from 
one to two times v. This applies to the parts where tensile stresses 
exist in the concrete. Where the tensile strength of the concrete has 
been exceeded, it is customary to use the same formula. 

It is evident that the value of the diagonal tension is generally 
indeterminate. No working formulas are available. For this reason it 
is the practice, now becoming nearly universal, in beams without web 
reinforcement to calculate the value of the vertical shearing unit- 
stress v, and to use this as the measure or means of comparison of the 
diagonal tensile stress developed in the beam; with the understanding, 
of course, that the actual diagonal tension is considerably greater than 
the vertical shearing stress. It has been found that the value of v 
developed in beams will vary with the amount of reinforcement, with 
the relative length of the beam, and with other factors which affect 
the stiffness of the beam. 

5. Analysis of Wall Footings—Fig. 1(a) shows a wall footing 
and a typical set of external forces acting upon the footing. In the 
discussion, the stem or pier above will be called the wall and the 
remainder the footing proper. The projecting portion of the footing 
will be called the projection. 


10 ILLINOIS ENGINEERING EXPERIMENT STATION 


The bending moment at a section of the footing x distant from the 
end (calling w the uniform upward pressure per lineal foot of length 
of footing for a given width of section) is 


1 
SS gpg et oS He Ee eee 22 
M 5 wa Bette), (22) 


For a section at the face of the wall, the bending moment will be 
a sola)? ers. s. (23) 


where | is the extreme dimension of the footing and a is the thickness 
of wall. For a section through the middle of the wall, assuming the 
load to be distributed uniformly over the wall, the bending moment will 


be 


M= 510 (Pola)... . ee. cece cece OM) 


The variation of the bending moment along the footing is shown in 
Fig. 1(b). 

Although the maximum bending moment is shown by the above 
analysis to be at the section which passes through the middle of the 
wall, the resisting moment of that section will be far greater than that 
of a section of the projection of the footing in those cases where the 
wall and footing are poured at the same time or where they are well 
bonded together. Even with a weak bond the horizontal shearing stress 
at the junction of wall and footing will, in footings of the ordinary 
proportions, be so small that the combined section may be expected to 
act together. Besides, the pressure from the wall, instead of being 
distributed as shown, will be concentrated to some extent on the footing 
near the faces of the wall, as at A, Fig. 1(a), and this will act to 
reduce differences of moments. Altogether, it may be expected that 
the section at the face of the wall will be the critical section for 
bending moment and resisting moment and that equation (23) will 
express the value of the critical bending moment as closely as may be 
determined by ordinary analysis. 

Fig. 1(b) shows also the variation in the external vertical shear 
V over the length of the footing for uniform loading. The theory of 
beams gives a distribution of the intensity of the vertical shearing 
stresses throughout the vertical section which is represented in Fig. 
1(c) and is more fully discussed in Bulletin No. 29, page 9. Due to 
a concentration of pressure near the face of the footing (as at A, 
Fig. 1(a) and to the transmission of pressure diagonally therefrom in 
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a manner which is analogous to arch action (as is also to be found in 
short simple beams), it may be expected that at vertical sections near 
the wall the vertical shearing stresses will be greater in the com- 
pression portion of the vertical section and less below the neutral 
axis than is given by the beam analysis of Bulletin No. 29. This 
modification of the distribution of the vertical shearing stresses may 
be expected to reduce the amount of the diagonal tension stress de- 


Center line 


Fig. 2. DistTrinutTion or Bonp STRESS ALONG THE 
REINFORCEMENT IN A WALL Foorina. 


veloped near the wall, and the position of the critical section for diag- 
onal tension failure may be expected to be away from the face of the 
wall. The values of the vertical shearing stresses given in this bulletin 
as a means of comparing or measuring the resistance to diagonal 
tension in the wall footing tests are based upon a section distant d from 
the wall (a section which is shown to give reasonable values), and the 
vertical shear V at this section is used in equation (18). <A com- 
parison with the values at a section at the face of the wall will also 
be made. 

The bond stress between the surface of the horizontal reinforcement 
and the concrete will also be affected by variations from true beam 
action. By equation (17), page 8, the bend stress is a maximum at 
the face of the wall as represented by the line AF in Fig. 2, and 
decreases uniformly toward the end of the beam, as shown by ordinates 
to the line FB, becoming zero at B. Due to the deformations accom- 
panying the stretching of the steel under the wall and to the relative 
deformations necessary to develop bond between the steel and the con- 
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crete, as well as to variation from true beam action, the bond stress 
will not follow the ordinates to the straight line. It seems probable 


(a) (6) 


Fic. 3. Errect or DEFLecTION oF WALL FooTING UPON DISTRIBUTION OF LOAD 
BY SPRINGS. 


Prer 


Footing 
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Fie. 4. DistrinuTIoN or Loap AND PrRressuRE IN CoLuMN Foorrna. 
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that the bond stresses developed are less at the face of the wall and 
greater at points farther out from the wall than is indicated by the 
analysis. It would seem that the bond stress will be expressed by some 
such line as the curved line EB, of the figure. This distribution is 
different still from the uniform bond stress indicated by the dotted 
line, which is based upon length of embedment and total amount of 
surface, a method assumed by some in such calculations. The distribu- 
tion of the load may also affect the bond stresses. However, although 
the true bond stress at a section at a face of the wall may be expected 
to be less than that given by the ordinary beam analysis, in the absence 
of a better method it seems best to use equation (17), page 8, for the 
calculation of bond stresses. 

When footings are tested on a bed of springs, the deflection produced 
in the beam results in compressing the springs at the middle of the 
footing more than at the ends, and hence the pressure will not be 
uniformly distributed along the length of the footing. If the com- 
pression of the springs at points along the length of the footing is 
known, and also the deflection of the footing at these points, the 
distribution of the load may be determined and the resulting bending 
moment calculated. Fig. 3 illustrates the effect of the deflection of 
the footing upon the distribution of the load. The bending moment so 
calculated will be somewhat less than that based on uniform distribu- 
tion of the load, and the amount of the resulting tensile stress, bond 
stress, and vertical shearing stress will be less. The amount of the 
difference will depend upon the stiffness of the springs and the de- 
flection of the footing under load, but within so-called critical loads 
it will not be large. Of course, in designing footings, our knowledge 
of the distribution of the pressure by the soil is too imperfect to con- 
sider the effect of deflection upon distribution of pressure. 

In testing on a bed of springs, the load may not be symmetrically 
applied, and one end of the footing may receive more load than the 
other. The stresses in the end in which the springs reteive the greater 
compression will, of course, be larger than values based on uniform 
distribution of load. 

6. Analysis of Column Footings.—Fig. 4 represents a column foot- 
ing of the form used in the tests. The stem representing the bottom of 
a column or a pedestal block will be termed the pier, and its lateral 
faces the faces of the pier. The load will be considered as applied 
uniformly over the top of the pier and the upward pressure as uniformly 
distributed over the lower surface of the footing. It is seen that the 
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footing may be considered to be a cantilever slab (rather than cantilever 
beams) supported at the top over a central area and loaded uniformly 
by an upward load, and that as the projecting portion of the footing 
deflects upward its surface will be bowl-shaped, in reality a double- 
curved surface. The determination of the distribution of the stresses 
over the various parts of the column footing is a much more difficult 
problem than is presented in wall footings. 

Various methods of calculating the strength of column footings have 
been proposed. In some cases the offsets have been considered as canti- 
lever beams having the full width of the footing and the full load on 
this area is considered to be taken by this beam, the critical section 
being at AB, Fig. 5. Although the load at the corners is counted twice, 


Ale wie G 


(a) (2) 


Fic. 5. Loaprp Arras ASSUMED IN DESIGNING CoLUMN FOooTINGs. 


the error is not great when the offset is small in comparison with the 
dimensions of the pier. If the dangerous section is considered to pass 
through the center of the footing, EF, Fig. 5 (a), a greater discrepancy 
exists. A common method of design is to consider that one-fourth of 
the total load is applied on the triangle EFG, Fig. 5 (b), and having 
found the center of pressure (as H) of the part of the load at one side 
of AB or CD (according to which is used as the dangerous section), 
to calculate the bending moment as the product of this amount of load 
by the distance from this center of pressure to AB or CD, the dangerous 
or critical section. 
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When the bending moment has been obtained by one of these 
methods, it is considered to be resisted by a beam IKIM, Fig. 5 (b) of 
width somewhat greater than the width of the pier, say, the width plus 
once the depth of the footing, according to the views of the designer. 
That is to say, the reinforcement in this assumed width is considered to 
develop stresses which altogether are sufficient in a beam of the depth 
of the footing to withstand the calculated bending moment. If the 
cross section of the steel lying within the assumed width is A, the 
resisting moment will be M—Afjd. The steel lying outside the dotted 
lines is considered to carry load to the beam formed by the reinforce- 
ment which les at right angles to these lines, just as the steel parallel 
to and near FG carries load to the beam IKLM, and in this method 
of design no account is taken of it in the main beam. Whether the 
spacing of the outer bars should be the same as that of the interior or 
be greater is then left as a matter of judgment. In the determination 
of both bending moment and resisting moment, then, the practice of 
engineers varies considerably. 

A rational analysis of the stresses would involve a determinate ex- 
pression for the deflection of the footing at every point of the cantilever 
slab and also for the radius of curvature in each direction. A full treat- 
ment would include a consideration of the effect produced by having 
stresses act at right angles to each other and of the action of other 
combined stresses. However, it may be expected that this effect will 
not be large, as in reinforced concrete footings the presence of stresses 
in two directions affects principally the amount of the compressive 
stresses and the compressive stresses will not be the controlling element 
of strength in footings as ordinarily designed. It is easily seen that an 
analytical treatment of a cantilever slab of this kind which approached 
completeness would be very complicated. This and the uncertainty 
involved in the assumptions made at some steps of the analysis renders 
the correctness of the results of the mathematical work of such an 
analysis quite problematical. In view of the complexity of the problem 
and the uncertainty of portions of the work, it seems futile to attempt 
to derive thoroughly rational formulas for stresses in column footings. 
This being so, it seems best to utilize approximate solutions based on 
other considerations. 

A study of the phenomena of the flexure of the column footing may 
be helpful in judging of the division of the load in the production of 
bending moment in the two directions and of the development of stress 
in the different parts. It is apparent that the stresses will be propor- 
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tional to the deformations developed and that the deformations at any 
point will depend upon the curvature at that point. It will be recalled 
that in the analysis of beams in mechanics of materials the stresses 
developed are found to be inversely proportional to the radius of 
curvature or directly proportional to the curvature. At corresponding 
points on similar sections the curvature and hence the stress may be 
considered to vary somewhat as the change of deflection at these points. 
With these considerations in mind, we may be able to judge of the 
effect of the varying curvature in different parts of the footing. 

Fig. 6 represents in a general way the form which the footing under 
load may be expected to take along various sections. The full lines in 
the lower figure represent the deflections or flexure curves of vertical 
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Fie. 6. Form Taken spy Cotumn Footings UNDER Loap. 
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sections taken along the dotted lines. The vertical rise at a corner B 
will be the sum of the deflection at M (KG) and the deflection of the 
lateral face BC (MZ). The three sections through the faces of the pier 
and the center of the pier which give the flexure curves LJI, PNM, and 
TRQ, may be considered to have nearly the same stress. The section 
at a lateral face of the footing will give a flexure curve AYB which will 
generally have less deflection and less flexural curvature at Y (and 
hence less stress) than is to be found in the section at the face of the 
pier which gives the curve LJI. The amount of the difference between 
these two curves will depend upon the relation of the cantilever span 
to thickness of pier and to amount and distribution of reinforcement. 
For sections between AB and LI the flexure curves and the conditions of 
curvature will range between those of the limiting curves. If we knew 
the flexure curves in all parts of the footing we should be able to get 
at the distribution of stresses. 

If, with two-way reinforcement, we consider the load or pressure on 
the footing to be carried by two beams or sets of beams running parallel 
to the sides of the footing, the proportion of load or pressure taken by 
each beam from any elementary area may be considered to depend in 
some way upon the relative deflection of the beams in the two directions. 
In Fig. 7 (a), for convenience of description, consider the top of the 


(a) (0) 


ICEL, of DIAGRAM SHowing AssumED DisTRIBUTION oF LoaD IN PRODUCING 
Brenpine Moment. 
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diagram north, and that the footing is formed of a beam running in the 
east and west direction, and of another running in the north and south 
direction. For an element at A the deflection laterally from the north 
and south beam will be very slight and the total load on this element 
may, without much error, be considered to produce bending in the beam 
running in the north and south direction. For the corner area B part 
of the load may be considered as producing moment in the beam which 
runs in the north and south direction and part in the beam which runs 
laterally (east and west). For an element at C the amount of deflec- 
tion of the footing from C to A will be much less than that from C to 
D; it seems evident that the proportion of load at C producing moment 
in the north-and-south beam is much greater than that acting on the 
east-and-west beam. Similarly, at D a greater proportion acts on the 
east-and-west beam than on the north-and-south beam. Along the 
diagonal line BF we may consider that half of the load acts on each 
beam. At G all acts on the north-and-south beam; at H none of it. 


(c) (6) 


Fig. 8. Crrrican or DANGEROUS SECTION FoR ResistiIna MOMENT AND PosITION 
oF SECTION FOR CALCULATING VERTICAL SHEARING STRESSES. 
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After making a study of the flexure curves obtained on a number of 
the column footings tested, the fractions given on the diagram in Fig. 
7 (b) were taken as roughly representing the proportion of the unit-load 
at the points indicated which acts upon the east-and-west beam to 
produce bending moment and curvature. For the variation of the pro- 
portions along the lines of the diagram between the limits noted a 
curvilinear relation was assumed, and a process of approximate inte- 
gration was applied to the load division problem. Of the part above 
the diagonal line, approximately two-thirds of the load or pressure 
upon the triangle was found to go to produce bending moment in the 
east-and-west beam, and of the part below the diagonal line approxi- 
mately one-third, the remainder in both cases going to produce bending 
moment in the beam in the north-and-south direction; and of course alto- 
gether one-half of the load on the corner square must be considered 
to produce bending moment on each beam. By the calculation, under 
the assumed division of load, the center of pressure of the various 
parts of the load tributary to the north-and-south beam from a corner 
square was found to be 0.58 c from a line through the face of the pier. 
That is to say, this analysis results in considering that the pressure 
on the corner square affects the bending moment of the north-and-south 
beam the same as if one-half of the load of this corner square were 
placed at a point distant 0.58 of the width of the square from a line 
through the face of the pier, see Fig. 7 (b). As the method of assuming 
the division of load will not warrant refinement of calculation it seems 
well to adopt the more convenient and more conservative value of 0.6 ¢ 
for the position of the center of pressure, and this value will be used in 
the calculations in this bulletin. It may be added, also, that other 
methods of attacking the problem locate the center of pressure not far 
from the position here chosen. 

The location of the critical or dangerous section for which the bend- 
ing moment is to be found is also of importance. For footings made 
in such a way that the pier and footing are bonded together sufficiently 
not to permit failure by horizontal shear between them, as were all the 
column footings described in this bulletin, a section at the face of the 
pier OD, Fig. 8 (a), will be the critical section for the part of the beam 
immediately in front of the pier. For the part of the footing on either 
side of this, the critical section possibly may be somewhat back of the 
face of the pier. From some of the tests which were made it would seem 
that a combination section made up of three sections, one coinciding 
with the face of the pier and the other two slightly back of this, as 
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shown by AB, CD, and EF in Fig. 8 (a), might represent the critical 
section. However, after making a study of all the tests, it is concluded 
that a section through the face of the pier is fairly representative of 
the tests, and this section will be used in the calculations in this bulletin. 
For very broad footings a section somewhat back of the pier may 
properly be assumed, The formula for the critical bending moment 
may then be expressed as follows: 


M= [5a—a)?+ Z ()—a)*)w 


4s M= (5act+-0.6e) ie oe ices (27) 
where a is one dimension of the square pier, / one dimension of the 
‘square footing, and ¢ is the dimension of the offset of the footing, see 
Fig. 8 (a). 

The bending moment thus obtained goes to produce curvature across 
the section and may be said to be resisted by the entire section, but the 
stresses may be expected to be different in different parts of the section, 
being a maximum under the pier and having the least stress at the edge 
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Fig. 9. VARIATION OF STRESS AMONG ReINFoRCING Bars. 


of the section. The range in stresses may be illustrated by Fig. 9, where 
the stress in the reinforcing bars at right angles to the section con- 
sidered is represented by the ordinates in the diagram. The stress of 
the bars lying under the pier may be considered to be uniform and 
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represented by f. The bars in the projection of the footing which lie 
near the pier will be stressed nearly as high. The stress in a rod near 
the edge of the footing will be less, say from 0.25f to 0.75f, depending 
upon the proportions of the footing and the distribution of the rein- 
forcement. Between the pier and the edge of the footing the stress in 
the bars will vary by some law, probably a curvilinear relation. The 
total resisting moment developed in the full width of beam may be made 
up by using the stresses in the several bars. We may obtain this 
resisting moment in terms of the maximum stress f, by finding the 
equivalent proportion of bars which when stressed to the maximum 
stress f will give the same total resisting moment as is developed by all 
the bars with their varying stresses. If the bars are uniformly spaced, 
this is the same as taking the bars within a rectangle which will give 
the same area as is included by the curved line. For the dimensions of 
footing and pier used in the tests, if the minimum stress be 0.25f and 
a curvilinear variation be assumed, then 80% of the bars stressed 
to the maximum stress f will produce a resisting moment equivalent to 
that due to the assumed distribution of stress. If the stress at the edge 
be 0.50f and a curvilinear relation be used, the resisting moment will 
be equivalent to the use of 87% of the bars; if a rectilinear 
relation from the pier to the edge of the footing be used, 80% 
of the bars would give the equivalent resisting moment. As an extreme 
assumption, if the stress at the edge of the footing be 0.75f the use of 
93% of the steel will give an equivalent resisting moment. In 
footings with short thick projections the stress in a bar near the edge 
will be nearly as great as in a bar under the pier, while in broad thin 
footings the stress in a bar at the edge of the pier will be considerably 
less than the maximum. 

In connection with this dicussion, it seems well to point out that 
the ordinary assumption of beams superimposed in two directions pre- 
sumes that outside the pier and out on the projections bars must act to 
give lateral stiffness and that these bars have a function as carrying bars 
to what may be considered the main beam, so that the value of the 
stress in these outer bars for the purpose in hand must be taken as 
auxiliary rather than as directly tributary to the main beams. It is 
uncertain to what extent this action must be considered in determining 
resisting moments of the section of the footing. If the distribution of 
stress across the section were known, it would seem that the stress in 
all the rods should be used in calculating the resisting moment of the 


section. 
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- The preceding discussion assumes a uniform spacing of bars. If 
the bars are spaced more closely toward the middle the same methods 
may be employed and the probable distribution of stress across the 
section determined. If provision is to be made for lateral stiffness or 
carrying-stress, a further estimate must be made. If the bars are 
bunched near the edge of the footings the assumptions would have to be 
modified. 

Another view may be had by assuming two equivalent main beams 
at right angles across the footing which resist the bending moment 
already obtained. The width of beam assumed as the equivalent width 
will be that width for which the calculated stress will agree with the 
actual stress in the most stressed bar, when only the reinforcing bars 
within the equivalent width are used in the calculation of resisting 
moment. It is plain that this width is greater than the width of the 
pier and less than the full width of the footing. It is evident that the 
equivalent width will vary with the size of the pier, the thickness of 
the footing, the dimension of the projecting portion, and the amount 
and distribution of reinforcement. An expression for the equivalent 
width of beam for use in calculations, even though empirical and not 
altogether general, will be useful. , 

A study of the observations and results of the tests of the footings 
made in the laboratory indicates that the bars for some distance on 
either side of the pier have nearly the same stress as those under the 
pier. As a working basis applicable when the spacing of the bars is 
uniform or does not vary far from this, the conclusion was reached 
that the resisting moment of the footing in each of the two directions 
may be based upon the amount of steel in a width of beam equal to the 
width of pier plus twice the depth of the footing to the reinforcement, 
plus one-half the remainder of the width of footing and that the use of 
this amount of steel will determine the maximum steel stress. Ex- 
pressed as a formula the equivalent ap width then is 


b=a+2d+ = 5 (l—a— QO) sora tenke ate eee (25) 


where / is the width of the footing. i: the width given by the first two 
terms of the second member is greater than the width of the footing, 
then the width of the beam may be taken as the full width of the 
footing. 

It may be thought that the concrete along the edges of the footing 
will of its own strength be sufficient to carry the loads laterally without 
reinforcement, but the deformation due to flexure along these edges may 
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be much greater than concrete will stand and reinforcement near the 
edges serves a useful and necessary purpose, especially in distributing the 
deformations of the concrete preventing the concentration of elongation 
at single cracks. 

The resisting moment, of course, will be 


equivalent width of beam above specified, f is the unit-stress in the most 
stressed reinforcing bars, and the other symbols are as given on page 8. 
If the relative stress in the individual bars across the section is known 
or assumed, M= 3 Afjd will express the total resisting moment developed 
over the section, f here being a variable denoting the unit-stress in the 
individual bar and A the area of one bar. 

The bond stresses may be based upon the shear at the section at the 
face of the pier. For this the external vertical shear will be the amount 
of load used in determining the critical bending moment. At the face of 
the pier this shear is 


5 
V= rl (C=O) = (64-0). ce ees (29) 
The expression for bond stress will be taken to be 
V 
uU= mojd Powio OO Ao oD oo Gono oS DO o-o (17) 


where m is the number of reinforcing bars included within the equivalent 
width of beam as used in calculating the maximum tensile stress. 

The calculated bond stress is greater at this section than it is towards 
the end of the bar, and hence the bond stress is considerably greater 
than the average bond stress found by considering that the total stress 
in the steel at the given section is taken off in bond over the surface of 
the bar between this section and the end of the bar. The same variation 
of bond stress from middle to end does not hold for the bars near the 
edge of the footing, and in these the concentration of bond stress is 
probably considerably greater towards the end of the bar. Where bars 
are bent up towards their ends the bond stress is also increased in 
parts of the bar. It is also apparent that the method of calculating bond 
stress will not apply when the bars are placed in exterior bands without 
reinforcement under the pier. 

In measuring the resistance to diagonal tension failure we may follow 
the practice used in beams, and for comparison of resistance to diagonal 
tension we may use the vertical shearing stress developed. Because the 
diagonal tension failures in footings tested gave fractures at an angle 
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of about 45° with the vertical, the frustum running from the faces of 
the pier and reaching the reinforcement at a distance d (the depth from 
surface to center of reinforcement) from a section through a face of the 
pier, it seems reasonable to take as the critical section a vertical section 
enveloping the base of the frustum indicated by EFGH, Fig. 8(b). 
This position gives results in agreement with those found for wall foot- 
ings, and by analogy with the reasoning used in wall footings it may be 
expected that this is the section which has the distribution of shear 
giving maximum diagonal tensile stresses. In order to be in agreement 
with the other formulas for vertical shearing stresses, jd will be used in 
the formula for shearing stress, thus using the maximum unit-stress of 
the section instead of the average stress. The external vertical 
shear V may be considered to be that part of the load on the footing 
outside of the sections considered. The following formula expresses 
the amount of the vertical shear by this assumption. 


V= [ e- (a+ 2d)? | w ke a ae (30) 
The expression for the critical vertical shearing stress becomes 
V 
v= 4(a-+2d)id MoS creo Eola ogc 6.5. tipo e 6 (3 1) 


It will be borne in mind that these values of the vertical shearing 
stress will be used as a measure of the tendency to produce diagonal 
tension failure. The shearing stress at sections around the pier (punch- 
(P—a?) w, 


4ajd 


ing shear) may be considered to be that given by the expression~— 
and the working stresses for punching shear applied. 


II. Marerrats, Test Pirces, anp Mrruop or TEsTine 


7. Materials—The materials used in making the test footings were 
similar to those used in the reinforced concrete beams described in 
Bulletin No. 29. The stone and sand were bought in the open market. 
The Universal portland cement was furnished by the manufacturers. 
The Chicago AA portland cement and the Lehigh portland cement were 
bought in the open market. The mild steel rods used for the reinforce- 
ment were furnished by the Illinois Steel Company. The corrugated 
bars were supplied by the Corrugated Bar Company. 

Stone. The stone was a good quality of crushed limestone from 
Kankakee, Tlinois, ordered screened through a 1-in. screen and over a 
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Y-in. screen. It contained from 45% to 50% voids and weighed 
from 80 to 83 Ib. per cu. ft. The mechanical analyses made agree 
very closely with those given on page 21 of Bulletin No. 29. 

Sand. The sand was of good quality, sharp, well graded, and 
generally clean. It weighed 100 to 105 lb. per cu. ft. and contained 
about 28% voids. The mechanical analyses for that used in the 
series of 1908 is the same as for the 1908 sand given on page 21 of 
Bulletin No. 29, while that for the series of 1909 is nearly the same 
as that for the 1907 sand given on the same page. The sand used in 
1910, 1911, and 1912 had the same general characteristics. 

Cement. Tests of the three brands of cement are given in Table 2, 
Table 1 gives analyses of fineness. 

Concrete. Men skilled in mixing concrete and making test pieces 
were employed in the work. The foreman, a contractor for small con- 


TABLE, 1. 
MecHANICAL ANALYSIS OF CEMENT 


Per cent passing 


Hege 1908 1909 ke dene 1912 
Universal Chicago AA Universal Chicago AA Universal | Universal 

75 99.4 98.2 98.8 97.5 | 98.9 arate 

100 98.3 94.9 96.3 92.8 96.5 97.2 

200 uli 89.9 | 80.0 SUS eta 82.5 81.8 


crete work, has had the making of test pieces in the laboratory for the 
past seven years. Care was taken in measuring, mixing, and tamping to 
secure as uniform a concrete as is possible under working conditions. 
In 1908 and 1909 all materials were proportioned by loose volume, and 
weights were taken as a check on the measurement. In the later years, 
the method of measurement of the sand and stone was the same, but 
95 lb. of cement was taken to be a cubic foot. The latter method of 
proportioning gives a somewhat richer concrete than when the cement 
is measured loose. Except in .1912, when all the concrete was machine 
mixed, the mixing was done with shovels by hand. The sand and cement 
were first mixed dry; the stone, which had previously been thoroughly 
moistened, was added, and the mass then turned until of a uniform 
appearance. Water was then added in such proportion as to give a 
fairly wet mixture. The mass was again turned until thoroughly mixed. 

Steel. The stcel reinforcing bars consisted of plain round rods and 
deformed bars. The round rods were open-hearth mild steel. The de- 
forméd bars were square and round corrugated bars, types B and C. 
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TABLE 2. 
TENSILE STRENGTH OF CEMENT 


These tests were made with standard Ottawa sand. Each value is 
the average of 5 briquettes. 


Ultimate Strength, lb. per sq. in. 
Ref. Chicago AA Cement S Universal Cement = 
No, Age 7 days Age 28 days Age 7 days Age 28 days 
Neat 1-3 Neat 1-3 Neat 1-3 | Neat 1-3 
SERIES OF 1908. 
1 oe eee 559 145 707 247 563 244 764 319 
DE ort a, 732 192 857 318 809 248 885 336 
Sire Ga cele 665 175 779 266 728 232 776 285 
Ze Se es 811 227 833 307 699 242 754 292 
Seah oem 666 182 792 284 702 229 763 315 
Ce mes, 693 191 781 283 ae 295* ee 366* 
Tee 719 206 767 303 ae sas oe 
ee 248* aoe 335* 
Average...| 692 188 788 287 700 239 788 309 
SERIES OF 1909. 
TEGO RG 742, 205 783 270 617 160 853 278 
Die Ce Hh 716 232 807 306 595 179 72 280 
288* 331* 
Byte PNT 25 176 768 254 607 197 732 281 
Average...| 728 204 786 277 606 179 | 786 | 280 
SERIES OF 1910. 
ieee ; i 629 219 678 328 
D5 Re aS 613 217 649 315 
ay, ai eee 670 190 697 297 
Average aa Pe | 6387 209 675 313 
SERIES OF 1911. 
ee 719} 248} 805+ 329 | 589 198 674 278 
| 265* 323% 
rane c 8 ae: 684 227 709 283 
SS ge ees i 653 240 731 319 
DO at. 662 214 696 282 
Average soe wets jn OL. 220 702 290 
SERIES OF 1912. 
irs Ae ee es ae ae 585 239 685 315 
Oy Se eens cae hs er Ses 577 225 694 297 
SOE cent cade oe ey ae 691 242 715 306 
7 ae oi aS te. a ae 617 231 792 326 
i, he AL ae hers oie a ae 588 246 672 333 
Cpe rs: ee Nee: kg iN ake 612 253 758 323 
NE tae eke Ne ae aS ee 698 287 884 372 
Average... ie ae ae Pee 624 246 743 325 


* Briquettes made with the same sand as was used in concrete. Not included in average. 

+ Lehigh Portland cement. 
Test pieces were cut from the reinforcing bars. Table 3 gives the 
average of the results of tension tests for the steel used in the different 
years. 

8. Wall Footings—All the concrete wall footings were 12 in. wide. 

The stem of the footing (the “wall’) was in all cases 12x12x12 in. 
The length of the footing was 5 ft., except that four of the series of 
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TABLE 3. 
Tension Tests or Rernrorcina Bars 
Ricci sal | _ Stress ap tiey © =e Maan 
"Size Desotiption Yield Point Aes Variation from 
inches Ib. per 2 Average 
4 sq. in. Tests per cent 
1908 TESTS 
4% Plainproundaenneon nace 4 
33 eee saute cbf vathetfosanedss Scan leit cr 50 400 23 137 
4 ALDETOUIC fra stareters sai cycle sisceiene : 
5 ear eeeieer eo ae : a 
1909 TESTS 
A Wor tsqUAkone ren ane 33 000 
4% Cor sdquatennarirdynitecicenns et 300 0 10.3 
% Plaimround dy se. fcc, sane cu 42 600 8 6.2 
¥% Plainsroundeeye eee eee 41 200 16 13.4 
Vy Corcsauare en eeer na. k 46 800 8 8.5 
* Cori rouadtutet con colic as 53 500 16 6.0 
5% Plaintroundeeee ye cst ay 37 300 9 9.9 
84 Plaine und ae eens ae 382800 8 ith 
54 Cop Beanie ect heer scaum 50. 300 6 6.1 
iNloy, 762 I) WEROIEGS A. noccesonoecock. 1242000} 6 8.1 
ING UII| Wairesmesh cena i caus. oe! | 114 000+ 6 18 
1910 TESTS . 
Y% Plain round..,...... ae 34 000 ] 2 F 
¥ Cor. square .. ; ; 52 700 3 O97 
ts Cor. round... 53 500 16 6.0 
% Plain round. . ae 37 100 2 ee? 
84 Platts ported ie es ots sehr | 41 700 4 3.6 
‘ 1911 TESTS 
3% Piainouncdeee en ee ak. 41 200 , 11 ij QE 
% Wortround eerie trier mee 44 000 11 10.4 
% Blaimeroudaennurse. ac cco ds 39 500 10 3.9 
¥% (Choy MWS G5 Jaclabace canns 51 500 3 5.9 
% Plain sround acme aes | 40 100 a 8 2.4 
1912 TESTS 
3% Plain round........ ican 438100 | 14 Die 
% Blainsrodndatean © certian coc 35 900 8 2.2 
% Cor: round eases e oo Paetncre : 52 200 10 6.9 


*Birmingham or Stubs’ gauge. 
tUltimate strength—No yield point could be detected. 


1908 were 6 ft. 8 in. long, two of the series of 1909 were 7 ft. long, 
three of the unreinforced footings of the series of 1911 were 7 ft. long 
and three were 3 ft. long. The depth was, in most cases, 10 in. to the 
center of steel. In the test pieces made in 1908 and in 1909, the depth 
over all was 11 in., in 1911, 12 in. over all. In the series of 1908 one 
reinforced concrete footing was 6 in. to the steel instead of 10 in., and 
two of those reinforced with I-beams had other depths. In the series 
of 1908 two footings had their upper surfaces sloped from 11 in. to 
5% in. at the end of the projection and two were stepped as shown 
in Fig. 14, page 40. In the greater number of the footings the rein- 
forcing bars were carried straight throughout their length. In some the 
bars were bent up with easy curves to points near the upper surface of 
the footing. In a few U-shaped stirrups were used, passing around and 
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TABLE 4. 


CoMPRESSION TESTS oF 6-IN. CUBES 
SERIES OF 1908, 1909, 1910, 1911, anp 1912. 


Kind Age |Maximum Kind | Age Maximum Kind Age |Maximum 
of at Load of at Load | N of at Load 
Con- | Test | lb. per No. |. Con- Test lb. per 9 | Con- | Test Ib. per 
crete. | days. | sq. in. crete. | days. | sq. in. crete. | days.| sq. in. 
1-3-6 64 1315 1535 |1-21%4-5) 121 2510 |/1718 | 1-1-2 | 546 4640 
1-3-6 65 1137 1536 |1-244-5| 94 2768 
1-3-6 60 1073 1541 |1-2%-5; 109 2438 1721 | 1-2-4 | 640 2980 
1542 |1-2144-5| 79 2272 = ||1722 | 1-2-4 | 606 2890 
-1\%-3| 64 3970 1551 |1-244-5} 121 2290 1723 | 1-2-4 | 368 2910 
-1144-3 64 2107 1552 |1-21%4-5) 101 2857 1725 | 1-2-4 606 2840 
-14-3) 62 1807 1553 |1-2144-5) 120 2835 ||1726 | 1-2-4 | 368 2910 
1554 |1-2144-5) 103 2242 27 ee 641 2810 
1-3-6 63 2210 1561 |1-24%-5) 114 2550 1728 | 1-2-4 | 606 2840 
1-3-6 64 1610 1562 |1-24%-5) 987 2187 1729 | 1-2-4 | 373 3225 
1-3-6 64 2097 1563 |1-244-5| 113 2462 ||1731 | 1-2-4 | 641 2810 
1-3-6 62 1420 1564 |1-21%-5) 83 2322 || 1732 | 1-2-4 | 436 2590 
1-3-6 62 1372 1631 |1-2144-5) 63 1173 1733 | 1-2-4 | 360 2570 
1-3-6 61 1433 1632 |1-244-5| 60 1412 1741 | 1-2-4 | 629 3040 
1-3-6 62 1203 1633 |1-24%-5) 63 1173 =||1742 | 1-2-4 | 436 2590 
1-3-6 61 1433 1634 |1-244-5) 66 1288 1743 | 1-2-4 | 360 2570 
1-3-6 60 1263 1635 |1-2144-5) 64 814 1744 | 1-2-4 | 629 3040 
1-3-6 60 1507 1636 |1-2144-5| 69 1666 1745 | 1-2-4 | 590 2705 
1-3-6 64 1910 1641 |1-2'4%-5 69 1538 1746 | 1-24 359 2890 
1-3-6 60 1553 1642 |1-244-5| 60 1412 1747 | 1-2-4 | 628 2870 
1-3-6 60 1383 1645 |1-24-5) 61 1663 1748 | 1-2-4 | 590 2705 
1-3-6 64 1457 1646 |1-214-5| 59 1235 1749 | 1-2-4 | 359 2890 
1-3-6 59 1283 1651 |1-214-5|] 68 1797 =||1751 | 1-2-4 | 634 2685 
1-3-6 | 60 1403 1652 |1-2144-5 62 1350: ||1752 | 1-2-4 585 2725 
1-3-6 58 2103 1655 |1-24%4-5| 61 1663 1753 | 1-2-4 | 354 3030 
1-3-6 59 1215 1661 |1-24%-5 73 1757 1754 | 1-2-4 640 2980 
1-3-6 62 | 1211 1662 |1-24%-5| 75 1692 ||1755 | 1-2-4 | 585 2725 
1-3-6 59 1290 1665 |1-214-5 7 1842 1756 | 1-2-4 354 3030 
1-3-6 62 1228 1666 |1-24%-5| 55 1319 1757 | 1-2-4 | 640 2980 
1-3-6 59 960 |/1671 |1-214-5| 59 1235 1758 | 1-2-4 | 591 3410 
|| 1672 |1-244-5| 75 1530 =|/1759 | 1-2-4 | 354 3030 
1-2144-5| 92 1395 | 1673 |1-214-5| 63 1735 =|} 1761 | 1-2-4 | 634 2685 
1-214-5) 75 1523 1674 |1-24%4-5| 60 1465 1762 | 1-2-4 | 591 3410 
1-244-5| 77 1533 1675 |1-214-5| 69 1538 1763 | 1-2-4 | 354 3030 
1-2144-5| 88 2028 1676 |1-214-5) AB 1319 |/1806 | 1-2-4 70 2094 
1-2144-5| 64 1307 || 1681 |1-244-5| 63 1735 1807 | 1-2-4 73 1831 
1-24%-5| 73 1343 1682 |1-214-5| 62 1350 1808 | 1-2-4 64 1610 
1-214-5| 64 1292 1685 |1-214-5| 57 1293 1809 | 1-2-4 66 2645 
1-244-5| 72 1877 || 1687 |1-214-5| 67 1573 {11810 | 1-2-4 63 1562 
1-24%-5| 61 | 864 1688 |1-214-5| 75 1692 1811 | 1-2-4 62 2203 
1-2144-5|} 94 1717 1692 |1-214-5| 60 1465 1812 | 1-2-4 | 135 3123 
1-2-5} 60 1468 || 1693 |1-214-5| 57 1293 1813 | 1-2-4 | 118 3197 
1-2144-5| 82 1622 1694 |1-244-5| 67 1573 1814 | 1-2-4 “a 2450 
1-2144-5| 100 1718 1815 | 1-2-4 62 2223 
1-2144-5]} 64 1385 1701 | 1-3-6 | 638 2640 1816 | 1-2-4 61 1877 
1-244-5| 104 | 1245 /||1702 | 1-3-6 | 298 1862 1817 | 1-2-4 66 2577 
1-214-5| 70 1151 |) 1702a| 1-3-6 | 422 2550 1818 | 1-24 61 2030 
1-214-5| 84 1543 1819 | 1-244 73 2772 
1-2144-5] 100 1605 1703 | 1-2-4 | 520 3845 1820 | 1-2-4 69 1526 
1-2144-5 78 1482 1704 | 1-2-4 628 2870 1821 | 1-2-4 86 1678 
1-244-5| 58 1583 1704a| 1-2-4 | 367 4170 1822 | 1-2-4 80 1692 
1-214-5| 92 1720 1823 | 1-2-4 61 2640 
1-2%-5| 67 1418 1705 | 1-1-2 | 586 4816 1831} 1-2-4 71 2620 
1-214-5| 112 2910 1706 | 1-1-2 | 431 4403 1832 | 1-2-4 | 108 3100 
1-2144-5} 104 2939 1706a| 1-1-2 | 546 4640 1833 | 1-2-4 67 2500 
1-244-5|} 112 2307 1834 | 1-2-4 | 115 3240 
1-214-5|} 109 1761 ||1707 | 1-24 | 640 2980 1835 | 1-2-4 67 2085 
1-2144-5] 128 3618 1708 | 1-2-4 | 480 3090 1836 | 1-2-4 | 110 3410 
1-2-5} 116 2260 1708a| 1-2-4 | 367 4170 1837 | 1-2-4 7A 2625 
1-244-5|} 121 3180 1710 | 1-2-4 | 430 3090 1838 | 1-2-4 | 109 3710 
1-2144-5} 109 1988 1710a} 1-2-4 | 367 | 4170 1839 | 1-2-4 73 2785 
1-244-5| 127 | 2980 1712 | 1-2-4 | 680 | 2175 1840 | 1-2-4 98 3235 
1-214-5; 118 2679 1713 | 1-2-4 | 606 2890 1841 | 1-2-4 | 116 2755 
1-2144-5| 94 2935 1714 | 1-2-4 | 373 3225 1842 | 1-2-4 | 105 3050 
1-24%-5! 88 )  aRehye | 1843 | 1-2-4 | 116 3580 
1-2144-5] 120 3193 1716 | 1-1-2 | 678 | 3870 1844 | 1-2-4 | 102 3630 
1-24%%-5| 114 2637 1717 | 1-1-2 | 481 4403 
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TABLE: 5: 
FLEXURE TEsTS oF 6 IN. x 8 IN. x 36 1N. ConTROL BBAMS. 
Series oF 1908, 1909, 1910, 1911, ann 1912. 
| Kind | Age | Modulus|| | Kind Age Modulus | Kind Age Modulus. 
of at of Rup- of at of Rup- | N of at of Rup- 
No. | Con- | Test | ture, Ib. || No- | Con- | Test | ture, Ib °- | Con- | Test | ture, lb. 
crete. | days. | persq. in. crete days. | persq. in. crete. | days. | per sq. in. 
1302 | 1-3-6 | 65 | 249 ||1516 |1-234-5/ 99 | 385 |/1708a| 1-2-4 | 597 | 432 
1303 | 1-3-6 | 71 167 || 1521 1-214-9 107 | 3571709 | 1-2-4 | 82 | 214 
1522 1-2 6-5 9 jl a ar 
1306 |1-134-3| 63 | 437 ||1525 |1-244-5| 107 | 294 ||1712 | 1-2-4 | 101 | 266 
1307 |1-134-3| 64 355 |/ 1526 |I-2i4-5, 93 B87 1718 1-2-4 | 36 | 226 
1308 |1-114-3| 71 385 || 1531 |1-234-5| 9. | z 
lege (t-252-8| 108 | 377 |la716 | 1-1-2 | 100 | 402 
1312 | 1-3-6 | 64 140 || 1535 |1-244-5 Lie 
1313 | 1-3-6| 64 286 || 1536 |1-244-5| 94 230 ||1718 | 1-1-2 | 597 | 656 
Tete lite | op. | aes lest |1-osecs| ss | 363 l|a722 | 1a 36 | 226 
1317 | 1-3-6 | 71 175 ||1552 |1-214-5| 96 | 368 ||1724|1-2-4| 82 | 214 
1318 | 1-3-6 | 60 194 ||1553 |1-234-5| 87 | 365 ||1725 | 1-2-4 | 55 169 
1319 | 1-3-6 | 59 984 11554 |1-23¢-5| 99 | 362 |)1728 | 1-24 | 55 169 
1321 | 1-3-6 | 63 379 || 1561 |1-244-5| 81 375 1729 | 1-2-4 | 597 | 201 
1322 | 1-8-6 | 59 | 309 /1502 1-234-5, 84 40s | 1732 | 1-2-4 / 113 | 384 
1-3-6 | 67 289 || 1563 |t-244-5 2 : 
Teey ee ey | oto iases (1-os2-5| 30 | gis i745 | oa) 8 367 
1341 | 1-3-6 | 69 937 ||1631 |1-214-5| 56 |. 231 |/1747|1-2-4| 58 | 231 
1342 | 1-3-6 | 60 | 219  ||1632 |1-2%4-5| 65 283 (||1748 | 1-2-4 | 84 | 367 
1351 | 1-3-6 | 60 1821633 |1-244-5| 56 | 231 | 1751) 124) G4 | 265 
1352 | 1-3-6 | 56 g2g |/1634 |1-244-5) 65 | 267 1752 | 1-2-4 | 78 | 350 
Pe eee eee tGS) eae el | pel aoa: tyes | toa | 7a | Soo 
1362 | 1-3-6 | 60 91 Exe - 8 | 350 
2 3 258 ||1641 |1-214-5| 81 974 |l1757 | 1-2-4] 68 2 
Ba lies| @| ie lees | loa) el ee 
Bore) trek | G0) 280 tese Hicoiaes| Ga: (ase || 17e2'| 1-2-4 | 84 | asp 
aoc 1651 |1-234-5| 61 | 260 || 1806 1-2-4) 98 | 260 
-244-5| 58 aso _|l1652 |1-214-5| 80 | 269  |/1807 | 1-2-4 
ees) i) le ee) ) se UBS) ) ae 
1414 |1-214-5| 82 | 224 || 1661 |1-234- ( “ 6 
32 [1-234— 325 |lisio |1-24| 68 | 215 
1415 |1-254-5| 78 | 295 || 1662 |1-24-5] 86 | 325 |/1810 | 1-2-4 | 63 | 215 
1416 |1-214-5| 69 214 |/1665 /1-244-5| 63 | 305 |1811 | 1-24 | 74 | 358 
1417 |1-244-5| 71 322 ||1606 |1-234-5| 65 | 255 ||1812 | 1-2-4 | 100 | 343 
1418 |1-214-5| 69 264 |/1671 |1-234-5] 63 | 252 |jisig | 1-24 | 93 | 228 
ed a ete ae rae ee ere ee 290 ||1815 | 1-2-4 | 74 432 
1422 |1-214-5| 64 183 |] 1673 [1-244-5) 62 | 290 [1815 | 1-2-4) 74 | 432 
1425 |1-214-5| 87 | 301 || 1674 |1-234-5) 60 : 259 
See 1 974 ||1817 | 1-2-4 | 67 
1426 |1-244-5| 64 a7 ||1675 |I-214-5] 81 | 274 [1817 | 1-2-4) 67 415 
1429 |1-244-5| 75 | 287 [1676 j1-244-5| 65 | 255 [1818 | 1-2-4 | 63 | 240 
1431 |1-244-5| 105 283 || 1681 |1-214-5| 6 - 74 | 405 
332 |1-24¢-5| 80 | 269  |/1820 | 1-24 
1435 |1-214-5| 109 | 287 || 1682 |1-244-5 2 1820 | 1-2-4) 69) 217 
Boi2- 171 ||1685 |1-244-5| 57 90 
meee] | eG Be lee iad| ge) 
= = 24 42 72- 
ia? 6 93 294 ||1692 |1-244-5| 60 27 |/1882 | 1-2-4 | 280 ) 304 
1448 |1-244-5| 53 | 281 || 1693 j1-214-5| 57 209 1833 | 1-2-4 | 298 | 331 
1449 |1-214-5| 98 zoe 1604 1-234-5| 66 2B8- (|) 4834 | 1 ae a7 | only 
-214-5| 60 | 24 
1501 oss 79 309 ||1701 | 1-3-6 | 205 230 1836 | 1-2-4 | 281 405 
1302 |1-234-5| 87 423 1702a| 1-3-6 | 597 a1 || 1887 | 1-2-4 | 295 | 354 
1508 28) Ag : ie 15 ||1840 | 1-2-4 | 267 | 453 
1504 |1-24-5| 109 | 425 170i | 24 an os; lisai | 1-2-4 | 287 356 
1505 |1-2/4-5| 95 | 376 432 ||1842 | 1-2-4 | 277 | 312 
1506 |1-244-5| 99 272 1704a| 1-2-4 | 597 Pail oes 310 
1-214- 409 ||1706 | 1-2-4 | 668 | 383 || 1843 | 1- 
1507 |1-274-8| 103 | 363 ||1706a| 1-2-4 | 597 656 ||1844 | 1-2-4 | 274 | 387 
ier 138 95 | 371 _||1707 | 1-2-4 | 89 | 220 Sart i 


under the longitudinal reinforcing bars. The reinforcing bars when 
straight were 4 ft. 11 in. and 4 ft. 111 in. in length, except that in 1909 
a length of 4 ft. 6 in. was used. The reinforcement of the footings 1s 
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described in Tables 9 to 11, and the position of the bars is shown in 
Fig. 14. Except where otherwise noted, the wall and footing were 
poured at the same time. In the footings made in 1909 and 1911 four 
14-in. bars were placed vertically in the corners of the wall, 
extending down into the footing, to prevent displacement of the wall in 
handling. ' 

The brick footings were 5 ft. long and about 12 in. wide. The 
wall was 12 in. in thickness. The depth, offsets, and number of courses 
are shown in Fig. 13. 

9. Column Footings—The general form of a column footing is 
shown in Fig. 4, page 12. The column, or pier as it will be called, was 
12x12x12 in. The footings were 5 ft. square. The depth over all varied 
from 6 in. to 18 in. One footing (No. 1451) had a sloping upper 
surface, the depth being 7 in. less at the edges than at the face of the 
pier. The dimension given in the table for the position of the reinforce- 
ment is the distance from the upper surface of the footing to the center 
of the two layers of bars, or to the center of the four layers in the case 
of four-way reinforcement. Unless otherwise noted the reinforcing bars 
. were straight throughout their length. In the series of 1909 the rein- 
forcing bars were generally 4 ft. 6 in. long; in 1910, 4 ft. 10 in. long; 
in 1911 and 1912, about 4 ft. 1114 in. long. In a few cases in 1909 the 
reinforcing rods were 9 in. shorter, and alternate bars were run within 
12 in. of one face of the footing, the other bars going to within 
the same distance from the opposite face. For the footings made in 
1909 the depth over all was in most cases 11 in., it being in a few 111% 
in. and 12 in. For the footings made in 1910, 1911, and 1912, the 
depth over all was 12 in., except for the shallower footings. The general 
make-up of the footings and the disposition of the reinforcing bars is 
given in Tables 14 to 18, and in the diagrams. Eyes U-formed 
of steel rods were embedded in the footings at two points; hooks were 
inserted in thése eyes when the footings were lifted and moved. 

10. Making and Storing Footings—The footings were built in 
wooden side forms directly on the concrete floor of the mixing room 
with a strip of building paper beneath the forms. The forms were 
generally removed after 7 days. In the work of the first two years the 
wall footings were left on the floor of the mixing room until the test, 
when they were removed to the Materials Testing Laboratory, but in the 
later years they were piled one above the other for storage. The column 
footings were piled one above the other for storage; they were tested 
in the mixing room. The specimens were wet down with water from 
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a hose at frequent intervals for some time after making. The tempera- 
ture of the mixing room ranged from 50° to 70° F. and was somewhat 
irregular, so that the average temperature for the hardening for different 
specimens varied. As noted under Article 29, “Phenomena of Tests of 
Column Footings,” part of the column footings were not removed from 
the place of making until just before the test, and the difference in 
moisture conditions probably affected the rate of hardening. 

11. Minor Test Pieces—In Tables 4 and 5 are given the results 
of compression tests of 6-in. cubes and of flexure tests of 6x8x36-in. plain 
concrete control beams. These minor test pieces were made from the 
same batch of concrete as the corresponding footings and serve to give 
an estimate of the strength and quality of the concrete used. The 
control beams were tested with a 3-ft. span and one-third-point loading 
upon a wooden base, so arranged as to insure a good distribution of 
the loads and pressures across the width of the beam. 

12. Testing Wall Footings.—The wall footings were tested in the 
200 000-Ib. Olsen testing machine of the Laboratory of Applied 
Mechanics, except that in the tests made in 1912 the 600 000-lb. Riehle 
testing machine was used. A nest of springs was placed on the bed of 
the machine. These springs were “car springs,” one set being 234x- 
Txlf-in. springs and the other set 3x12x9/16-in. springs. The first size 
closed 1.7 in. with a load of 1/700 lb., and the second size about 3 in. 
with a load of 2000 lb. A calibration of a considerable number of 
these springs showed close uniformity among them, and their shorten- 
ing was directly proportional to the load. The springs were held in 
place in setting the footing by 14x8x12-in. plates with a dowel fastened 
on the under side which extended down into the opening of the spring. 
The springs were spaced to suit the load expected, and were most com- 
monly 3 in. center to center, both lengthwise and crosswise of the foot- 
ing. The 7-ft. footings of the series of 1907 had the sets of springs 
spaced 4 in. apart in the lengthwise direction. A view of a wall footing 
in the testing machine is given in Fig. 10. The footing rested directly 
on the spacing plates. On top of the stem or wall an iron plate was 
bedded in plaster of paris. On this plate a spherical bearing block was 
centered with respect to the wall and adjusted to the head of the 
machine and the load was applied directly to this bearing block, or the 
load was centered by using a rod across the plate to act as a pivot. 

As the load was applied by the testing machine, the springs com- 
pressed and the ends of the footing deflected somewhat. Vertical 

measurements were taken from the bed of the machine to marks: on 
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Fig. 10. View or Watt Footine In Testina MacuHine. 


both sides of the footing at five points along its length. These measure- 
ments were taken at a load of 2 000 lb., and at the various loads applied 
thereafter. A careful watch was made for cracks and their appearance 
and growth was recorded. After failure the footing was broken up and 
examined. Measurement of slip of bar and of deformations in the bar 
were made in some cases, as is described elsewhere. 

It was sometimes difficult to keep the test specimen in its place at 
high loads, as the bed of springs canted or otherwise got out of place. 
In those failures in which the footing separated into pieces, parts were 
thrown violently from the testing machine. 

13. Testing Column Footings—The column footings were tested 
in a machine built especially for the purpose. Fig. 11 (a) gives a view 
of the apparatus which was used in the tests in 1910, 1911, and 
1912. A bed was formed by placing 10-in. I-beams side by side, the 
edges of the flanges touching. On this rested a bed of car springs 
on which the test footing was placed. Transversely under the bed of 
I-beams and near their ends were two 12-in. x 55-lb. I-beams 6 ft. long 
which took the load from above. Under these I-beams were two cast- 
iron blocks through which eight rods passed to similar cast-iron blocks 
on the upper part of the machine. The two hydraulic jacks by which 
the load was applied were placed between these blocks and a 24-in. 
I-beam. This I-beam transmitted the load through blocks to the top 
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Fig. 11. Trsting Macuines ror Cotumn Foorinas. 


of the pier. One of these blocks was an adjustable spherical bearing 
block. The lower or base block was bedded ‘to the top of the pier with 
plaster of paris. The whole of the machine rested on a timber founda- 
tion. The pumps which operated the hydraulic jacks were placed on a 
platform near by, a gage being connected with each pump. 

In the 1909 tests four jacks were used and two 24-in. I-beams 
were placed across the top with four sets of vertical rods running from 
their ends. A heavy steel block carried the load from the two I-beams. 
In some of the 1909 tests no adjustable bearing blocks were used, the 
bearing plates consisting of flat plates only and the adjustment being 
made by the jacks. This apparatus is shown in Fig. 11 (b). On account 
of the low loads on the jacks the results with this machine are less 
satisfactory than with the 1910 machine. 

The springs used were the 3x12x9/16-in. helical car springs used 
in tests of wall footings, ground to a length of 12 in. In the 1910 tests 
there were generally 113 springs used, though for the heavy loads the 
number was increased to 225. In the 1909 tests seven footings were 
tested with 225 springs. The amount of shortening with this number 
of springs was so small at the lower loads as not to give a good dis- 
tribution of the load over the bottom of the footing. A bed composed 
of 113 springs would compress about 1 in. under a load of 75000 lb. 
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The springs completely closed with a shortening of about 3 in., so that 
with some deflection in the footing not more than 200000 Ib. could 
generally be carried by 113 springs. 

In the operation of the tests the load was applied in varying incre- 
ments. It was kept as nearly as possible equally divided between the 
jacks. In some cases, due to imperfect bearing, the springs tilted to 
one side and a release of load and a readjustment was necessary. The 
load was taken from the gage indication, and was corrected by means 
of a calibration graph which had been prepared from the calibration of 
the jacks in a testing machine. Many of the tests were continued beyond 
the critical load and in some cases the rupture of the specimen was 
followed by a violent throwing of large pieces of the footing from the 
machine. 

Measurements of the compression of the springs were made at the 
corners of the footings. In the 1910 and 1911 tests a frame made up of 
114x114-in. angles was supported at three points on the upper surface 
of the footing close to the pier. Measurements taken from this frame at 
numerous points on the upper surface of the footing by means of Ames 
test dials enabled the deflection of the footing at these points to be 
determined. In the 1909 tests threads were stretched along two opposite 
lateral faces of the footing and the deflection at the faces obtained by 
means of mirror-and-scale apparatus. A yoke clamped to the sides of 
the pier gave a basis of measurements for the transverse deflections. 

Observations were taken of cracks after they became visible on the 
lateral faces. Due to the form of construction of the machine and the 
presence of the nest of springs, no observations could be made on the 
bottom surface of the footing during the progress of the test. The foot- 
ings were examined after being taken from the machine, but it must be 
borne in mind that the cracks formed and fractures obtained indicated 
conditions that may have been brought into existence after the critical 
load was applied. 


Ill. Exprertmenrat Data anp Discussion. 


A. Watt Foorines. 


14. Tables.—Table 6 gives values of j used in the calculations in 
connection with equations (13), (17) and (18). Tables 7, 9, 10 and 
11 give descriptions of the wall footing test pieces, the results of the 
tests, and calculated quantities. These quantities are calculated by 
the formulas and methods given on pages 8 to 10. In all the ecalcula- 
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tions, a uniform distribution of load is assumed. This is done because 

in some cases the measurements of deflection and of compression of 
springs are not available, or are available only at loads below the 
critical load considered, and their use would put some tests on a different 
basis from the others. In the stiffer footings and for the lower loads 
the error in assuming that the distribution is uniform is slight. For a 


TABLE 6. 
VALUES OF j USED IN CALCULATIONS. 

1-214-5 a} 

Reinforcement and and 
per cent 1-3-6 1-2-4 
concrete concrete 

0.20 92 93 
0.30 - 90 915 

0.40 -89 90 
0.50 .88 895 

0.60 87 89 

0.70 -865 88 
0.80 86 875 

1.00 .85 86 

1.20 84 85 

1.50 825 84 


very few cases the calculations will give perhaps 7% greater 
tensile stress than the real distribution, the same excess in bond stress, 
and perhaps as much in the vertical shearing stresses at the section used. 
Generally the error is well within this hmit. Of course, after the yield 
point of the reinforcement is reached, or failure by bond occurs, the 
effect of uneven distribution of pressure is far greater than that outlined 
above. 

It should be noted that there was some difficulty and an element of 
uncertainty in determining the amount of the critical load, especially 
when readings were not taken close together. Generally the critical load 
was taken at the marked increase in deflection, though dropping of load, 
marked increase in deformation in steel, and other features were con- 
sidered when the information was available. The additional load 
beyond the critical load carried by most footings, will be useful as a 
safeguard, but is not available for design purposes. 

In these tables the tensile stresses and bond stresses are calculated 
for a section at the face of the wall, the vertical shearing stresses for a 
section distant d from the face of the wall. The reason for using this 
particular section for the vertical shearing stresses is discussed under 
Article 25, “Vertical Shearing Stresses and Diagonal Tension Failures.” 
Table 12 gives values of the vertical shearing stresses for wall footings 
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Fig. 12. UNRrrinrorceD CoNncRETE Wau Footinas. 
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failing by diagonal tension and for footings which developed high vertical 
shearing stresses; these are given both for a section at the face of the 
wall and for one distant d from the face. Table 13 gives the calculated 
values of the bond stresses developed, where failure was by bond, or 
high bond stresses were developed. In this case the term “nominal bond 
stress” is employed to cover cases where bars are bent up or where stir- 
rups are used, 

15. Unreinforced Concrete Wall Footings—In the unreinforced 
concrete footings failure occurred very suddenly, no cracks being ob- 
served until the instant of failure. The failure crack (see Fig. 12) 
formed most frequently from a point almost directly under the edge 
of the wall and passed vertically upward to the face of the wall. In 
No. 1301, in which the wall had become separated from the footing 
before the test, the crack formed from a point under the middle of 
the footing and at failure the wall separated from the footing. Even 
with this form of failure, the footing developed a higher strength than 
its companion test pieces. In No. 1308 the crack formed from a point 
below the middle of the wall and extended to the edge of the wall; 
but its strength was less than that of its companion test pieces. The 
cubes from the mix from which this footing was made (see Table 4) 
gave a lower strength than did those of the companion cubes. It is 
considered that the critical section is at the edge of the pier and the 
calculations in Table 7 are made on this basis. 

The modulus of rupture calculated for the section at the face of the 
wall is given in Table 7. The control test beams (6x8, 36-in. span) 
gave values of the modulus of rupture in general somewhat less than the 
modulus of rupture found in the corresponding unreinforced concrete 
footings. It may be expected that the modulus of rupture for the foot- 
ings will not differ much from that obtained in tests of plain concrete 
beams. The footings of different lengths gave quite similar values of 
the modulus of rupture. 

The effect of richness of concrete on the strength of the footings is 
apparent. Attention is called to the fact that the ratio of thickness of 
footing to projection of footing is much greater in these wall footings 
than is usual in practice, and that the load per square foot on the footing 
is low. 

16. Brick Masonry Footings.—In connection with the tests of 
brick and terra cotta columns, described in Bulletin No. 27, four wall 
footings of brick masonry were built, and the results of the tests of these 
brick footings will be recorded here. The form and dimensions of these 


TALBOT—REINFORCED CONCRETE FOOTINGS 39 


footings are shown in Fig. 13. All the footings were well laid up in 
1-3 portland cement mortar, joints being broken in workmanlike manner, 
and the workmanship was the same as that described in Bulletin No. 
27 for the brick columns. Two grades of brick were used, shale build- 


Fie. 13. Brick Wau Foortines. 


ing brick and underburned clay brick, as described in that bulletin. 
The tests were made in the same manner as the tests of the concrete 
footings. 

The footings failed suddenly at the maximum applied load. The 
section of failure was usually at the edge of the wall or stem of the 
footing. The failure was along vertical joints and through the bricks. 
In the footings made with hard building brick the line of fracture was 
irregular, a second break running to the other face of the wall. In the 
footings made with soft brick there was but one line of failure. 

The modulus of rupture calculated for the section at which failure 
occurred is given in Table 8. The average for the two footings made 
with the hard building brick is 281 lb. per sq. in., and for the two 
made with soft brick 76 lb. per sq. in. Table 8 also gives the results 
of tests made on brick beams built at the same time and in the same 
way. In No. 1 and No. 8 the courses were not well laid as to joints, 
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TABLE 8. 


Tests or Brick Beams anp Foorrnas. 
1-3 cement mortar used. Beams tested with a 54-in. span. 


aq 3 310.8 
"ql = & Sas ae 
a 2 oR | 22 iy Oy ashe h ey 
Bs 28 Ee a8 38 3 Raa 5/Se go ® Remarks 
na |etg/Q2| a8 | as = Ssa3 gless 8 
Beam 76 5 12-5.) 13.9 Shale building 10 450 235 Courses not carefully laid 
No. 1 brick as regards joints. 
Beam 76 | 5 | 12.75} 13.6 | Shale building 20 900 478 Courses carefully laid. 
No. 2 brick 
Beam 76 5 13.0 | 14.75| Underburned 2 960 57 Courses not carefully laid. 
No. 3 : clay brick 
Beam 74 § 13.1 | 14.50} Underburned 4310 85 Courses carefully laid. 
No. 4 clay brick 


Footing | 76 | 5 | 12.5 | 19.7 | Shale building 50 000 292 
No. 1 brick 


Boring 77 | 5 | 12.5 | 25.1 | Shale building 75 200 270 
oO. 


brick 
Footing | 74 | 5 | 12.5 | 20.0 | Underburned 14 800 85* | Depth at line of fracture 
No. 3 clay brick 18 in. 


Footing | 76 | 5 | 12.5 | 26.8 | Underburned 21 000 66 
No. 4 clay brick 


*Calculations made for section at line of fracture. 


but in No. 2 and No. 4 more care was given to the position of the cross 
joints with respect to the adjacent bricks. It will be seen that the 
modulus of rupture for the brick beams is not far from that for the 
brick footings, but it is also apparent that the method of laying will 
greatly affect the strength of the structure. As the modulus of rupture of 
the shale brick was found to average 1 670 lb. per sq. in., and of the soft 
elay brick 481 Ib. per sq. in. (see page 11, Bulletin No. 27), and the 
footings broke across the brick, it appears that with the excellent mortar 
used the strength of the footing is dependent upon the strength of the 
brick. However, it should be noted that the modulus of rupture of the 
footings is far below that of the brick, and the strength of the footing 
is greatly affected by the joints, and probably also by the thickness 
of the brick. 

17. Phenomena of Tests of Reinforced Concrete Wall Footings—In 
the tests, as the load was increased the springs forming the bed com- 
pressed, the amount of compression or shortening being proportional to 
the load applied. Although the deflection of the ends of the footing 
modified somewhat the distribution of the load over the bottom of the 
footing, this deflection was so slight, below what may be called the critical 
load on the beam, as compared with the total shortening of the springs, 
that the distribution up to the point of failure was not far from uni- 
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form. In those cases in which the deflection became considerable, as 
after the longitudinal reinforcement was stressed well beyond the yield 
point or the Yveinforcing bars had slipped considerably, an appreciably 
smaller load came at the ends than the middle. In some cases before 
the test was discontinued, the load was finally carried principally by 
the springs immediately under the wall or stem of the footing, due to 
the large deflection of the ends or to the closing up of the springs, and 
the applied load was not representative of the load taken in flexure. 
The point of failure or critical load was determined from the point 
of marked change in the deflection curve. By reason of the lack of 
definiteness of this point, the load at failure is somewhat uncertain in 
some of the tests, as has already been discussed. In a few of the tests 
the load seemed not to have been centrally applied on the wall or stem, 
and the springs were compressed much more at one end of the footing 
than at the other. As was to be expected, these footings failed at lower 
total loads than their companion test pieces. In the calculations, for 
simplicity the loads have been used as symmetrically applied, but it 
must be understood that in these cases the load on one projection of the 
footing was larger than the normal proportion of the total load. 

As in ordinary beam tests, in the reinforced footings cracks formed 
in the concrete generally at loads well below the load which produced 
failure. In some cases these were tension cracks and in other cases 
diagonal tension cracks, while in some the cracks were evidently caused 
by shp of bar. The failures were usually slow, especially in the case 
of the tension failures and in some of the bond failures. With slow 
failures and in cases where deflection of end of footing became large, 
the load could finally be applied in an amount considerably above the 
soad which may be considered to be the failure load. In diagonal tension 
failures, the failure was usually sudden and violent, often part of the 
footing being thrown off the weighing table of the machine. It will 
be appreciated that the amount of energy stored in the compressed 
aprings was very large, and the sudden release of this energy resulted 
in a violent displacement of the specimen. 

As high percentages of reinforcement were not used, no failures by 
compression were found. In two specimens the concrete in the stem or 
wall proved to be very poor or the wall was poorly made, and the 
wall failed before the full strength of the footing was developed. These 
tests have not been included in the tables. 

The following are brief notes of the tests. The location of the 
cracks is shown in Figs. 14 and 19. Heavy lines indicate the crack 
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Fic. 19. Wart Footines REINFORCED witH I—BErams,. 


along which failure took place. Reference may be made to Tables 8, 9. 
10 and 11, page 41 and 55-58. 


Series oF 1908. 


No. 1811. Ata load of 100 000 lb. springs becaine closed under the 
load and load was released. No sign of failure. Reloaded the follow- 
ing day, an additional number of springs being used. Slight cracks 
(diagonal) noted at load of 115 000 lb. Failed by diagonal tension at 
a load of 129 000 lb. See Fig. 14. 

No. 1312. At load of 60000 lb. small tension cracks were noted. 
At 80000 lb. diagonal tension crack was noted. Failed by diagonal 
tension at load of 96 000 lb. 

No. 1313. Failed at 95 000 lb. by diagonal tension. 

No. 1314. At load of 78 500 lb. small tension crack was noted. At 
84 000 Ib. tension crack noted under left face of wall. Failure occurred 
by bond at 111 300 lb. 

No. 1315. Fine diagonal crack noted at load of 59 000 lb. about 
5 in. to the left of the wall. At 65 000 lb. another diagonal crack noted 
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a little to the right of the wall. Failed by diagonal tension at load of 
89 500 lb. 

No. 1316. This footing was reinforced with two 5-in. x 934-lb. 
T-beams, 4 ft. 9 in. long, 6 in. apart. Depth over all, 11 in. (See Fig. 
19.) Small tension crack observed at load of 115 000 lb. At 130 000 lb. 
two small diagonal cracks were observed at either end of footing 
about 12 in. from wall. Footing was loaded to 140 000 lb., but as middle 
springs were entirely closed before this load was applied less than the 
normal proportion of load was taken at the ends, and the test was dis- 
continued, although the footing had not failed. 

No. 1317. Reinforced with two 5-in. I-beams; arrangement same 
as in No. 1816. (See Fig. 19.) First crack observed at load of 115 000 
Ib. Failure occurred by crushing of wall at 184400 lb. Concrete split 
lengthwise. 

No. 1318. Reinforced with two 5-in. I-beams 6 in. apart. Depth 
over all 8 in. (See Fig. 19.) Tension crack observed at 105 000 Ib. 
Maximum load 120 000 Ib. Failure occurred by tension in steel. 

No. 13819. Reinforced with two 5-in. I-beams. (See Fig. 19.) Wall 
crooked. First crack observed at 117000 lb. under left face of wall. 
At 120000 lb. a longitudinal crack appeared about 6 in. from top of 
footing at left end and extended toward wall. Maximum load 140 600 
lb. Probably failed by flexure of I-beam. 

No. 1321. Bars bent up to different heights. Failed by tension in 
steel at 128000 lb. (See Fig. 14.) Continued to take load, the ends 
finally deflecting 0.4 in. 

No. 1322. Reinforcement the same as No. 1321. Tension crack 
observed at load of 74000 lb. At 80000 Ib. a diagonal crack was noted 
a little to right of wall. Numerous tension cracks appeared up to the 
maximum load of 130000 lb. Tension failure. 

No. 1325. Bars bent up to different heights. At 81000 Ib. first 
crack appeared under right face of wall. Load at failure 100 000 Ib. 
Failure occurred by tension in steel. 

No. 1326. Bars bent up to different heights. (See Fig. 14.) At 
load of 67000 Ib. a tension crack was noted near center and a crack 
near right edge of wall somewhat inclined to the vertical. At 75 000 Ib. 
another inclined crack was noted to left of wall. At 80000 Ib. the in- 
clined cracks were growing rapidly. At 105 000 lb. tension cracks were 
noted under right and left faces of wall. Footing failed by tension in 
steel. 

No. 1341. Sloped footing. (See Fig. 14.) At 69 000 lb. a diagonal 
crack appeared about 8 in. to left of wall. Failed by diagonal tension 
at 80 000 lb. 

No. 1342. Sloped footing. Poor concrete. At 70 000 lb. diagonal 
erack noted 18 in. from right end. Failure occurred suddenly at 80 300 
lb. by diagonal tension. 

No. 1351. Stepped footing. (See Fig. 14.) Small tension cracks 
noted at load of 86300 lb. At 90000 lb. a diagonal crack was noted 
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about 12 in. from right end. Failure occurr 1 
Bee iGy B00 ae e occurred suddenly by diagonal 

No. 1352 Stepped footing. (See Fig. 15). At 80000 lb. a diagonal 
crack was noted. At 85 800 lb. a diagonal crack was noted a few inches 
left of wall. Failure occurred suddenly by diagonal tension at 86 800 Ib. 

_ No. 1362. At load of 70 000 Ib. small crack was observed a little to 
right of wall. At 80000 Ib. tension crack noted under left face of wall. 
At 90000 lb. a tension crack was noted near right face of wall and 
steel passed its yield point. Load continued to be taken and final 
rupture occurred suddenly by diagonal tension at load of 94100 lb. 

No. 1371. Footing 6 ft. 8 in. long. Small diagonal cracks noted 
near right and left faces of wall at 52700 lb. Tension crack noted 
toward the middle of footing at load of 68000 lb. Failure by tension 
at 69 300 lb., followed by diagonal tension. 

No. 1372. Footing 6 ft. 8 in. long. Small inclined cracks noted 
near right and left faces of wall at load of 50200 lb. At 67000 Ib. 
tension cracks appeared near center of footing. Failure by tension at 
67 000 lb., followed by diagonal tension. 

No. 1875. Footing 6 ft. 8 in. long, reinforcement, 5 14-in. corrugated 
bars. At 60000 lb. small inclined cracks noted a little to right of wall. 
At 69 000 lb. another small inclined crack noted near left face of wall. 
Failure occurred suddenly by diagonal tension at load of 75 500 lb. 

No. 1376. Footing 6 ft. 8 in. long, similar to No. 1375. (See Fig. 14.) 
Diagonal cracks were noted at 40000 lb. at both ends of footing near 
wall. At 60 000 lb. a diagonal crack was noted at right extending toward 
wall. At 67000 lb. small tension crack near center of footing. Failure 
occurred by diagonal tension at load of 67 000 lb. 


Series or 1909. 


No. 1631. Low percentage of reinforcement. At a load of 40 000 Ib. 
a crack appeared 6 in. to the left of the wall and extended diagonally 
upward toward the wall. At this load a crack was also noted at 24 in. 
inside the right edge of wall extending vertically 6 in. As the load was 
increased the cracks grew and at 55 000 lb. the yield point of the steel 
had been passed. With continued application of the load, the test piece 
deflected considerably at the ends, allowing much of the load to be taken 
directly under the wall. Failure by tension. 

No. 1632. At 55000 lb. vertical cracks were noted under the edges 
of the wall. Tension failure at 60 000 lb. 

No. 1633. At 43000 Ib. a vertical crack was noted 21% in. to left 
of the wall. Failure occurred slowly by tension and bond between steel 
and concrete at 78 000 lb. 

No. 1634. (See Fig. 14.) At 40000 Ib. cracks were noted 24% in. 
from each edge of wall extending almost vertically. Failure occurred 
slowly by slipping of bars (bond) at load of 78 000 Ib. 
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No. 1635. In this test no cracks were noted before failure, which 
occurred suddenly at a load of 55 000 lb. by bond. 

No. 1636. Diagonal cracks appeared at a load of 80000 lb. 7 in. 
on each side of and extending toward wall. The footing failed slowly 
at load of 89500 lb., probably by bond, although crack was inclined. 
Tension failure in stee] probably imminent. 

No. 1641. At 60000 lb. a diagonal crack appeared 7 in. to the left 
of the wall. Failure occurred suddenly at 92000 lb. by bond, the sud- 
denness of failure possibly being occasioned by diagonal tension weak- 
ness. An examination of the end of the specimen showed that the bars 
had slipped. 

No. 1642. At 60000 lb. a diagonal crack was noted 5 in. to the left 
of the wall. Failure occurred slowly by bond at 80 000 lb. 

“No. 1645. At 60000 lb. a crack was noted 2 in. to the left of the 
wall and inclined slightly toward it. The footing failed suddenly at 
80 000 lb., the end of the footing being thrown off the machine. Failure 
probably by bond. 

No. 1646. At 60000 lb. a crack appeared on each side of the wall 
8 in. from it. Failure occurred at 100 000 |b. by bond. 

No. 1651. Failure occurred violently at 80000 lb. by diagonal 
tension. The test piece became tipped so that there was more load on 
the left end than on the right end. 

No. 1652. At 60000 lb. a diagonal crack was noted 6 in. to right 
of wall. Failure occurred violently at 116 000 lb. by diagonal tension, 
the right end of the specimen being thrown off the machine. 

No. 1655. At 60000 lb. a diagonal crack was noted 8 in. to the 
left of the wall. Failure occurred suddenly by diagonal tension at 
72 000 lb., the left end of the specimen being thrown off the machine. 
The specimen tipped so that there was more load on the left end. 

No. 1656. At 60000 lb. a diagonal crack was noted 6 in. to the left 
of the wall. The specimen failed violently at 108 000 lb. by diagonal 
tension. 

No. 1661. At 80000 lb. a diagonal crack appeared on each side of 
the wall and 8 in. from it. At 141000 lb. failure occurred violently 
by diagonal tension and stripping of bars. 

No. 1662. At 80000 lb. a diagonal crack was noted 814 in. to the 
left of the wall. At 114000 lb. failure occurred suddenly by diagonal 
tension. The footing tipped slightly so there was more load on the 
left end. 

No. 1665. Footing 7 ft. long. (See Fig. 14.) At 60000 Ib. cracks 
were noted on each side of the wall 15 in. from it. Failure occurred 
suddenly at 84500 lb. by diagonal tension. There was more load on 
left end. 

No. 1666. Footing 7 ft. long. Two cracks appeared at 55000 Jb., 
one 8 in. to the left of the wall and the other 2 in. to the right. The 
specimen failed violently at 94 000 Ib. by diagonal tension along crack 
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which ran from point on bottom 10 in. from wall, the conerete below 
reinforcement stripping off from bars. 

No. 1671. One bar straight, 4 bent up at two points. At 70000 lb. 
a vertical crack was noted under left edge of wall. Beyond 80000 lb. 
the crack had opened wide and the load was very unevenly distributed 
because of the large deflection at the ends. At 100000 Ib. the crack 
was 4 in. wide. 80000 Ib. considered as the critical load. Failure 
probably by tension followed by bond. 

No. 1672. One bar straight, 4 bent up at two points. At 60000 Ib. 
a crack was noted 2 in. to the right of the wall and inclined slightly 
toward it. Vertical cracks also appeared under the left edge of the wall 
and 2 in. from it. Beyond 80 000 Ib. these cracks opened up and much 
of the load was transmitted from wall direct to springs below. At 100- 
000 lb. the cracks extended to the top of the footing and were 4 in. 
wide at the bottom. Failure probably by tension and bond. 

No. 1678. One bar straight, 4 bent up at two points. This footing 
was first loaded up to 80000 lb. on 3-in. x 12-in. springs placed 3 in. 
center to center. At this load the springs bent and the specimen was 
thrown out of position. The first cracks had appeared at 60 000 lb. one 
on each side of the wall and about 1 in. from it. The springs were reset 
and a load of 98 000 lb. applied when the footing again swung out of 
position. ‘The specimen was then placed on the 234 x7-in. springs, 
as in the other tests, and loaded. The notes are indefinite, and the 
critical load is not known. After being taken from the machine the 
cracks were 14 in wide at the bottom. It seems that failure probably 
occurred at a load greater than 98 000 lb. by tension or bond. 


No. 1674. One bar straight, four bent up at two points. At 60000 
lb. the first crack was noted just under the right edge of the wall and 
nearly vertical. The diagonal tension crack 8 in. to the left of the wall 
opened slowly. The footing failed at 99 500 lb., probably by a combina- 
tion of bond and diagonal tension. Final failure was sudden. Upon 
examination it was found that the turned-up bars had slipped 1% in. 


No. 1675. Two bars straight, four bent up at two points. At 80 000 
Ib. two cracks appeared on right 2 in. and 12 in. from wall. Failure 
was slow and occurred at 135000 lb., slipping of the bars permitting 
diagonal tension crack to be formed. Bars found to have slipped at 
right end. 

No. 1676. T'wo bars straight, four bent up at two points. At 75 000 
Ib. the first crack was noted 4 in. to the left of the wall. Failure 
occurred slowly at 99 000 lb., probably by bond, the crack beginning 7 
in. to the left of the wall. The bars were found to have slipped slightly. 


No. 1681. Six corrugated bars, two straight, four bent up. (See Fig. 
14.) First cracks noted at 80000 lb. Load was applied up to 125 000 
lb., six vertical cracks opening under the wall and one a little to the left 
of it. As the springs were practically closed the load was removed. The 
specimen was then tested as a simple beam on supports 4 ft. 4 in. apart. 
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By this method of loading the footing failed at 60 000 lb., evidently by 
tension, although in this test one of the inner bars slipped. 

No. 1682. Six corrugated bars, two straight, four bent up. At 
80 000 lb. the first cracks appeared, one 3 in. inside left edge of wall 
and, one 4 in. outside, extending diagonally toward edge of wall. 
Beyond 140 000 Ib. the action of the springs was untrustworthy as the 
middle springs had entirely closed. No failure. 

No. 1685. Four round stirrups near wall at each end, one stirrup 
exposed to view on face of footing. At 60000 lb. a diagonal crack was 
noted 31% in. to the right of the wall. Failure occurred slowly at 61 500 
lb. by bond. 

No. 1686. Four round stirrups near wall at each end. At 60 000 Ib. 
a vertical crack appeared 1 in. inside right edge of wall. Footing failed 
suddenly at 82 000 lb. by bond. Examination of bars showed that they 
had slipped % in. 

No. 1687. Four corrugated stirrups near wall at each end. At 
40 000 lb. a vertical crack appeared 2 in. to the left of wall. Failure 
occurred slowly at 80000 lb. by slip of bars. The inner stirrup also 
slipped. 

No. 1688. Four corrugated stirrups near wall at each end. (See 
Fig. 14.) At 60000 lb. a crack appeared 11% in. to the right of the 
wall, extending 1 in. inside of wall near top at failure. Failure occurred 
slowly by bond at 108 000 lb. 

No. 1692. Four round stirrups near wall at each end. (See Fig. 
14 and 17.) At 61000 lb. a vertical crack was noted 1 in. to left of wall. 
The footing failed slowly at 120 000 lb. by diagonal tension. 

No. 1698. Four corrugated stirrups near wall at each end. At 
80 000 lb. a crack was noted under the left edge of wall, extending in- 
ward slightly but almost vertically. Failure occurred suddenly at 
106 600 lb. by diagonal tension between two stirrups. 

No. 1694. Four corrugated stirrups near wall at each end. Two 
cracks were noted at 60 000 lb. 2 in. and 5 in. to left of wall and joining 
51% in. above base. Failure occurred suddenly at 113 000 lb. at a crack 
9 in. to the left of the wall by diagonal tension. The bars and inner 
stirrups were found to have slipped. 


Series or 1911. 

No. 1712. At a load of 78 500 lb. small cracks appeared on both 
sides of footing near right face of wall extending toward edge of wall. 
The critical load was 85 000 Ib. Failure occurred by tension or bond. 

No. 1713. At a load of 40000 Ib. a vertical crack appeared under 
right face of wall and at a load of 47000 Ib. a similar crack appeared 
under left face of wall. A small tension crack was noted near center 
of footing at 65000 lb. At a load of 71700 lb. a diagonal crack 
appeared 16 in. from right end and at a load of 119 800 lb. another 
diagonal crack appeared 16 in. from left end. Critical load was 85 000 
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Ib., the steel passing its yield point. The load was increased to 125 300 
Ib. when complete failure occurred suddenly along the diagonal crack 
which appeared at 119 800 lb. On account of the greater load taken 
by the springs near the middle after the yield point of the steel was 
passed, the increase in load does not represent the increase in bending 
moment. 

No. 1714. Deformation in steel measured. Ata load of 100000 Ib. 
cracks under the left and right faces of wall had extended vertically 
about 10 in. At the critical load of 100 000 lb. the measured stress in 
the steel was 42000 Ib. per sq. in. Failure was by tension, though 
under continued loading the bars finally slipped considerably. 

No. 1716. 1-1-2 concrete. Ata load of 22 800 lb. a crack appeared 
directly under the right face of wall. At a load of 86 400 Ib. a number 
of fine cracks, which extended diagonally upward to the left, appeared 
just to the left. The critical load was 90 000 lb. At a load of 106 300 
Ib. a vertical crack was noted near the center of the footing. The de- 
flection of the springs became very unequal, and at a load of 139 000 lb. 
the springs at the center of the footing had completely closed. 

No.1717. (See Fig. 16.) 1-1-2 concrete. At a load of 35 600 lb. 
cracks appeared under right and left faces of wall and 2 in. to right of 
center of the footing. Ata load of 60 100 lb. a diagonal crack was noted 
21% in. to right of wall. Critical load 85 000 lb. At a load of 97 900 lb. 
the concrete appeared to be failing in compression at the upper surface 
of footing near wall and the cracks opened appreciably. At a load of 
131 400 lb. the springs at the center had completely closed. 

No. 1718. 1-1-2 concrete. Deformation in steel measured. At the 
critical load of 100 000 lb. the measured tension in the steel was 42 000 
Ib. per sq. in. At a load of 122 800 lb. the steel deformations had ex- 
ceeded the range of the extensometer. Failure occurred by tension in 
steel. 
No. 1721. Wall made one day later than footing. At a load of 
48 100 lb. cracks appeared on both sides of footing about 2 in. inside 
right face of wall. Critical load was 60 000 Ib. At a load of 63 800 lb. 
cracks appeared 1814 in. from left end and 20 in. from right end. At 
a load of 72 000 lb. the cracks first noted opened perceptibly. 

No. 1722. Wall made one day later than footing. At a load of 
34.700 lb. cracks appeared 2 in. and 3% in. to right of left face of wall. 
The critical load was 60000 lb. As load was increased to 70 200 Ib. 
other cracks were noted under both faces of wall. The load then fell off 
and cracks opened. Failure occurred by tension in steel. 

No. 1723. Deformation in steel measured. Wall made one day later 
than footing. At the critical load of 60 000 Ib. the measured stress was 
above 40 000 Ib. per sq. in. Failure occurred slowly by tension in steel. 

No. 1724. Wall made one day later than footing. Building paper 
placed between wall and footing. At a load of 32 300 lb. a vertical crack 
was noted 4 in. to the left of center of footing. At a load of 40000 Ib. 
a vertical crack appeared under right face of wall. At a load of 48 000 
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Ib. a crack appeared 21 in. from left end of footing and extended toward 
the wall. The critical load was 55 000 Ib., failure occurring by tension 
in the steel. Ata load of 62000 lb. the crack under right face of wall 
opened appreciably. 

No. 1725. (See Fig. 16.) Wall made one day later than footing. 
Building paper placed between wall and footing. At a load of 26 500 
lb. the first crack appeared 8 in. inside left face of wall. At a load of 
33700 lb. a vertical crack appeared directly under the right face of 
wall. Ata load of 40300 Ib. a crack was noted 1 in. to left of left face 
of the wall. Critical load 55000 Ib. At a load of 62 300 lb. the load 
was being taken slowly and cracks were opening. Failure occurred by 
tension in the steel. 

No. 1726. Deformation in steel measured. At the critical load of 
60 000 lb. the measured tension in the steel was 42 000 lb. per sq. in. 

No. 1727. At a load of 32000 lb. cracks appeared under right and 
left faces of pier. At a load of 40 500 lb. a small crack appeared near 
center of footing extending vertically 5 in. At a load of 49 500 lb. 
cracks appeared 20 in. from right end and 174% in. from left end. The 
critical load was 55 000 lb. The cracks opened considerably at a load of 
62 300 lb. Failure occurred by tension in the steel. 

No. 1728. (See Fig. 16.) First crack appeared at a load of 24 000 
Ib. 4 in. to left of left face of wall and extended vertically. At a 
load of 30600 lb. a crack appeared 2 in. to left of left face of wall. 
At a load of 36 900 lb. a crack appeared 21% in. to right of wall. The 
critical load was 55 000 lb. 

No. 1729. Deformation in steel measured. At a load of 40000 lb. 
a small crack was noted near center of footing. Measurement of the 
deformation in steel at the critical load of 60 000 Ib. indicated that the 
yield point had been passed. 

No. 1731. Reinforced with six 1-in. corrugated square bars bent 
up in a manner similar to that shown in Fig. 14 for No. 1681. Ata 
load of 35 800 lb. the first crack was noted 181% in. from the left end 
of the footing extending upward toward the wall. At a load of 61 600 
Ib. a crack appeared under the left face of the wall. The critical load 
was 145 000 lb. Capacity of springs was reached at a load of 155 600 Ib. 
Failure occurred by tension in the steel. 

No. 1733. Reinforcement the same as No. 1731. Deformation in 
steel measured. At a critical load of 160 000 lb. the measured tension 
in steel was 58 000 lb. per sq. in. At 110000 Ib. load the wall crushed. 

No. 1741. (See Fig. 14 and 22.) Deflection of the spings was 
not measured. Extensometer dials were attached to the reinforcing rods 
to measure slip. The curves in which slip is plotted against load (Tig. 
23) show that at the face of the wall movement of steel relative to con- 
crete began between loads of 6 000 Ib. and 20 000 lb. Ata load of 35 000 
lb. the slip at this position was .001 in. The critical load was 50 000 
Ib. and at this load a slip of .0001 in. was observed at the end of one 
bar. The slp at this point progressed with the load, reaching .0007 in. 
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at a load of 65.000 Ib. Ata load of 68 900 Ib. complete failure occurred 
by sudden slipping of the bars at the end where slip had previously been 
observed. If the curve above referred to, of slip at the end, is produced 
to the load of 68900 Ib. it indicates a slip of about .001 in., which 
pull-out tests indicate as the critical amount of slip. The last measure- 
ment taken (that at 65 000 Ib. load) showed that the slip at the ends of 
all the other bars was very small, not over .0002 in. Failure was 
primarily by tension in the steel. At a load of 60000 Jb. crushing of 
concrete was observed at the intersection of the wall and the footing. 

No. 1742. (See Fig. 15.) Deformation in steel was measured on 
one side of footing under face of wall. First crack appeared at a load 
of 32 600 lb. Critical load 53 000 Ib. Measured stress at this load, over 
the gage length used, was 37 000 Ib. per sq. in. Failure by tension. 

No. 1748. The measured deformation of the bars shows tension 
failure. Critical load was 52 000 lb. 

No. 1744. Extensometer dials attached to rods to measure the slip. 
Shp under face of wall began at a load of about 25000 Ib. At the 
critical load of 70000 Ib. bars at right end had slipped about .004 in. 
and about % in. at the maximum load of 84.000 lb. Bond failure. 

No. 1745. (See Fig. 17.) At a load of 36090 lb. first crack was 
noted 1 in. inside the right face of wall and extended vertically 5 in. 
At a load of 44100 lb. cracks appeared at the center of the footing, 
1914 in. from the left end and 20 in. from the right end. Oritical load 
70 000 Ib. At a load of 79 600 lb. the cracks opened appreciably and 
at a load of 98 200 lb. the middle springs had closed. Bond failure. 

No. 1746. Deformation in steel measured. At the critical load of 
75 000 Ib. the measured steel stress, over the gage length used, was 
40 000 Ib. per sq. in. Failure occurred by tension in steel. 

No. 1747. Reinforcement two 14-in. square corrugated bars. Ata 
load of 19 500 lb. first crack was noted 25 in. from right end. At a load 
of 25000 lb. cracks appeared under left face of wall. At a load of 
55 300 lb. the cracks were widening but not extending very much. Criti- 
cal load 60000 Ib. At a load of 82000 Ib. the rods had slipped at the 
left end. Tension failure. 

No. 1748. Reinforcement same as 1747. First crack was noted at 
a load of 21800 lb. under right face of wall. As the load increased 
cracks appeared under left face of wall and about 8 in. to the right of 
the wall. Critical load 50000 lb. Tension failure. 

No. 1749. Reinforcement same as 1747. Critical load 60000 lb. 
Tension failure. | 

No. 1751. (See Fig. 14 and 18.) At a load of 32 600 lb. a vertical 
crack was noted at the center of the footing. At a load of 40 400 lb. 
vertical cracks appeared under the right and left faces of the wall. 
Critical load 50000 lb. At a load of 57 800 Ib. a crack appeared 11% in. 
to left of wall, and at this load the cracks opened considerably. Con- 
crete split off bottom of footing at the hooked end of the bars. Tension 


failure. 
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No. 1752. (See Fig. 18.) Reinforcement same as in 1751. At a 
load of 25 200 lb. cracks appeared under the left face of the wall and 9 
in. to right of the center of footing. Critical load 46 000 Ib. At 50 800 
Ib. load the cracks opened perceptibly. Bars did not slip at the ends. 
Tension failure. 

No. 1753. Reinforcement same as in 1751. Measured stress in 
steel at critical load of 58 000 Ib. was 42000 lb. per sq. in. Tension 
failure. 

No. 1754. Reinforcement two %-in. plain round bars curved up at 
ends to within 2 in. of top and back 10 in. First crack appeared at 
center of footing at a load of 17500 lb. At a load of 24 300 lb. cracks 
appeared 3 in. to left of wall and under the right face of wall. Critical 
load 40000 Ib. At 40200 lb. the latter crack opened appreciably and 
after 47 500 lb. the load was taken on much slower than before. Tension 
failure. 

No. 1755. (See Fig. 14.) Reinforcement same as in No. 1754. De- 
formation in steel measured. At a load of 29 800 lb. a crack appeared 
under right face of wall. At a load of 39 800 lb. a crack appeared 
under left face of wall. At a load of 47 400 lb. the cracks had not 
opened very much. Critical load 47 500 lb. Measured steel stress 40 000 
Ib. Ata load of 56 300 lb. the cracks opened rapidly. Tension failure. 

No. 1756. Reinforcement same as in No. 1754. Critical load was 
60 000 lb. Tension failure. , 

No. 1757. Reinforcement four %-1n. round rods curved up at ends 
to within 2 in. of top and back 10 in. First crack appeared at a load 
of 42000 lb. at center of footing. At a load of 50000 lb. a crack 
appeared 114 in. to the left of the wall. Ata load of 75 300 lb. a crack 
was noted 4 in. to right of wall. Critical load 92 000 lb. At 105 000 Ib. 
the cracks opened appreciably and load was taken more slowly. Springs 
at the center closed at a load of 112900 lb. Tension failure. 

No. 1758. (See Fig. 17.) Reinforcement same as in 1757. First 
crack appeared at a load of 32500 lb. under the right face of wall. 
As the load increased several cracks appeared under the wall and at a 
load of 82 200 lb. the cracks had not opened much. Critical load 90 000 
Ib. Load was increased up to 121 000 lb. when the footing failed sud- 
denly by diagonal tension. Initial failure was by tension in steel. 

No. 1759. Reinforcement same as in 1757. Deformation in steel 
measured. Critical load 90 000 lb. Failure occurred by tension followed 
by diagonal tension. 

No. 1761. Reinforcement four 14-in. square corrugated bars curved 
up at ends to within 2 in. of top and back 10 in. First crack appeared 
under the right face of wall at a load of 27700 lb. At a load of 85 000 
Ib. a crack appeared 2 in. to right of center and at a load of 44 100 lb. 
a crack appeared under the left face of the wall. Ata load of 61 000 lb. 
a diagonal crack appeared 16 in. from the north end extending upward 
about 5in. At a load of 69 500 Ib. a fine diagonal crack appeared 71 
in. to left of wall. Critical load was 98 000 lb. At a load of 107 200 Ib. 
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crack near center opened appreciably and at a load of 115 200 Ib. failure 
occurred suddenly by diagonal tension. Initial failure due to tension. 

No. 1762. Reinforcement same as in 1761. (See Fig. 14.) First 
crack appeared at a load of 40200 Ib. at center. At a load of 67 400 
lb. a diagonal crack appeared 16 in. from left end of footing and ex- 
tended toward wall. Critical load was 100000 lb. At 112000 Ib. the 
load dropped off but cracks did not open perceptibly. Ata load of 123- 
000 lb. crushing of concrete was observed. At a load of 132700 Jb. 
failure occurred suddenly by diagonal tension. Initial failure due to 
tension. 

No. 1763. Reinforcement same as in 1761. Deformation of steel 
measured. Critical load 125 000 lb. Measured stress 65 000 lb. per sq. 
in. Failure occurred by tension in steel. At a load of 147 000 Ib. the 
concrete split off above the bars. 

18. Reinforced Concrete Wall Footings: Bars Straight—In the 
series of 1908 (see Table 9) ten of the reinforced concrete footings 
having the longitudinal reinforcement straight throughout the length 
of the footing gave diagonal tension failures. One gave a bond failure 
and four failed by tension. In the series of 1909 (see Table 10), there 
were nine diagonal tension failures, seven bond failures, and two ten- 
sion failures. In the series of 1911 (see Table 11), there were two bond 
failures and twenty-two tension failures. In many cases diagonal 
tension failures occurred at loads which gave high tensile stresses in the 
reinforcement. With a high percentage of reinforcement, diagonal 
tension failures were frequent. 

19. Reinforced Concrete Wall Footings: Bars Bent Up—The four 
footings with longitudinal reinforcement bent up (as shown in Fig. 14), 
of the series of 1908, No. 1325, No. 1326, No. 1321, and No. 1322, 
failed by tension in the reinforcement at calculated stresses generally 
somewhat above the yield point of the steel and at very high values of 
the bond and shearing stresses. There is some uncertainty in the man- 
ner of failure in some of the series of 1909, but it seems that all of the 
failures were by bond, although in No. 1671 and No. 1672 the calcu- 
lated stress in the steel was above the yield point of the material and 
the cracks opened up somewhat and although in several cases the fail- 
ures were complicated by diagonal cracks which ordinarily might be 
considered to be diagonal tension cracks, No. 1681 and No. 1682, rein- 
forced with deformed bars, did not fail under the highest load applied, 
and No. 1681 when tested as a simple beam on supports 4 ft. 4 in. 
apart failed by tension and one of the bars bent up next to the wall 
was found to have slipped. In the series of 1911, footings No. 1731 
and No. 1733 reinforced with deformed bars (two bars straight, two 
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curved upward, and two bent up, in a manner similar to that shown in 
Fig. 14 for No. 1681), gave high resistance to diagonal tension and 
developed the elastic strength of the steel. The other footings of this 
series having the bars bent up did not have the bending at such a point 
as to have any material effect upon resistance to diagonal tension. 

The effect of bending up bars (anchorage of bars is not referred to 
here) was to increase the resistance to diagonal tension, higher values 
of vertical shearing stresses being obtained than in footings of similar 
reinforcement and proportions in which the bars were laid straight and 
failure was by diagoral tension. An increase in the tendency to failure 
by slip of bars was also apparent. The amount of bond stress developed 
will be discussed under Art. 26, “Bond.” 

20. Reinforced Concrete Wall Footings with Stirrups—Of the 
series of 1909, all the footings having stirrups failed by bond or diagonal 
tension. Not considering the two footings in which the stirrups were 
exposed to view, the footings having deformed bars gave higher loads 
and developed higher bond stress, vertical shearing stress, and tensile 
stress than those having plain bars. The failures of the footings rein- 
forced with plain rods were definitely bond failures, and the footings 
reinforced with deformed bars gave diagonal tension failures, though 
in No. 1694 both longitudinal bars and stirrups were found to have 
slipped. The footings having deformed bar stirrups gave somewhat 
higher loads than those having stirrups made of plain rods. As the 
stirrups were made without end anchorage it was expected that slip 
might occur, the purpose here being (as in former tests) to determine 
at what loads slipping occurred. It seems to be apparent from these 
tests that there was concentration of bond stress at the stirrup points 
and that bond failures are more likely to occur when this web rein- 
forcement is used. 

21. Stepped and Sloped Wall Footings.—(See Table 9, page 55). 
All the failures in the stepped and sloped footings were by diagonal 
tension. Fig. 15 is a view of a stepped footing after failure. The loads 
at failure were generally less than for the same amount and kind of re- 
inforcement in the other forms of footings, but the calculated vertical 
shearing stresses in the section a distance d from the face of the wall 
were as large as in the other footings having similar reinforcement. It 
should be noted that the depth of the footing at the section considered 
was used in these calculations. 

22. Wall Footings Reinforced with I-beams.—(See Table 9, page 
55, and Fig. 19). The footings reinforced with two 5-in. x 9.75 Ib. 
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I-beams carried high loads. One did not fail under a load of 1380 000 
Ib., and in another the stem crushed under a load of 134 000 Ib. without 
sign of failure in the footing. In No. 1318 the failure was a tension 
failure in the lower flange of the I-beams and in No. 1319 the failure 
was coincidently by tension of flange of I-beam and by bond, the steel 
slipping or splitting from the concrete. The calculated tensile stress 
in the steel at a section at the face of the wall using the lower flange 
of the I-beam as the tension area of the steel and considering the com- 
bination to act as a reinforced concrete beam, was somewhat higher 
than the yield point of mild steel. The total vertical shear was very 
high. The loads carried by these footings were among the highest in 
the experimental wall footing tests. Of course, the amount of steel in 
the I-beams was much larger than in the footings reinforced with longi- 
tudinal rods. The load carried was about double what would be carried 
by counting I-beams alone to take the full bending moment at a section 
at the face of the wall, using 35 000 lb. per sq. in. as the value of the 
modulus of rupture of the I-beams. 

23. Effect of Pouring Wail Separately from Footing—In con- 
struction it is generally necessary from the standpoint of convenience to 
pour the wall after the footing has taken its set. To determine whether 
this method of construction has an effect upon the choice of section 
which should be taken as the critical section in design, in a number of 
cases the wall or stem of the footing was built 24 hours after the foot- 
ing had been finished. In three footings, No. 1724, 1725, and 1726, a 
layer of building paper was placed over the footing and the wall was 
constructed upon this. Two pieces of wire 0.1 in. in diameter passed 
from footing to wall to resist breakage in handling. The conditions 
were such as to make the bond very slight. Three footings, No. 1727, 
1728, and 1729, were constructed monolithically under otherwise similar 
conditions. There was no marked difference in the loads carried, the 
method of failure, or the phenomena of tests for footings constructed 
under these different conditions, all giving tension failures at the face 
of the wall. By calculation the horizontal shearing stress at the face 
of the wall may be shown to be less than the probable coefficient of 
friction. These tests corroborate the view that the critical section for 
design and calculation may properly be taken at the face of the wall. 

24. Tension Failures and Tensile Stresses.—In the footings which 
gave tension failures, the vertical cracks which had formed enlarged, 
similarly to the action in ordinary beam tests, and at the critical load 
the cracks opened and a marked increase in the end deflection occurred. 
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Beyond the critical load the footing usually took an increase of load, 
the ends bending up so that the distribution was no longer uniform, 
and generally the ultimate failure was slow. The failure crack was at 
or near the section at the face of the wall. The stress in the steel for 
this section, as calculated by the method given on page 8, was in gen- 
eral somewhat larger than the yield point of the steel determined by 
tests on coupons taken from the same bars. 

The calculated value of the tensile stress in the reinforcement for 
the beams tested at an age of nearly a year is in some cases consider- 
ably higher than the yield point of the steel and higher than the cal- 
culated stress in the companion test pieces which were tested at an age of 
about 60 days and which are given as failing by tension. Part of the 
difference may be due to the use of the same values of jd in the older 
beams as in the others. As has already been stated, it was in many 
cases difficult to determine the manner of failure, as the phenomena of 
tension failure and bond failure have points in common, and it is pos- 
sible that some of the footings reported as failing by tension in reality 
failed by bond. 

In a number of footings of the series of 1911 measurements of the 
deformation of the steel were made by inserting an extensometer of the 
Berry type in gage holes drilled in the reinforcing bars at the side of 
the footing. Fig. 20 gives the results of some of the measurements, 
the deformations being translated into equivalent stresses. Generally, 
one gage line (usually 6 in. in length) was placed so that it was bi- 
sected by the plane of the face of the wall (marked B in the figure). 
Gage line A (when used) was bisected by the center line of the foot- 
ing, gage line C (when used) was adjacent to B and nearer the end 
of the footing. As the stress varies from point to point, the instrument 
reading will give the average stress over the gage length and not the 
maximum stress. Especially may the average stress over gage line B 
be less than the stress at the section at the face of the pier. The meas- 
ured deformation at the center gage line was found to be generally 
somewhat greater than that on gage line B. Evidently little bond 
stress is developed over the thickness of the wall. The amount of the 
measured stress was generally lower than the calculated values given 
in the tables, but the difference perhaps was not more than that due to 
the effect of the smaller deformation toward the outer gage point and 
the greater stiffness found in the older footings. 

To determine whether the reinforcing bars had been stressed beyond 
their yield point, several test pieces were afterward broken up and the 
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bars examined and calipered. In Fig. 21 the diameter of bars at various 
sections along their length is plotted. Although there is always consid- 


erable variation in the original diameters of such 


bars, these measure- 


ments were useful in helping to determine the method of failure. 
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The fact that the tension failures occurred at the section at the 
face of the wall, together with the approximate agreement of the caleu- 
lated stress with the observed deformation and with the yield point of 
the material, justifies the use of the section at the face of the wall as 
the critical section in calculations of bending moment and of tensile 
stress in the reinforcing bars. This is apparent with footings of dif- 
ferent richness of concrete, different percentages of reinforcement, and 
different grades of steel. 

25. Vertical Shearing Stresses and Diagonal Tension Failures.— 
As was noted under Article 4, “General Theory,” the diagonal tension 
stresses developed in reinforced concrete beams may be expected to be 
roughly proportional to the vertical shearing stresses, though the diag- 
onal tension may vary from one to two times the vertical shearing 
stress. As was stated on page 9, the value ot the vertical shearing 
stress has come to be used as a convenient means of measuring the 
resistance to diagonal tension, although, of course, it is not the numer- 
ical equivalent of the stress. There is, however, some question as to 
what section should be taken as the critical section in short cantilever 
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TABLE, 12; 
VALUES OF VERTICAL SHEARING STRESS. 


TNommnal Vertical 
Reinforcement Shearing Stress 
Foot- lb. per sq. in. ; 
ing Manner of Failure 
No. Distance 
Disposition Per | At face | gd from face 
cent of pier of pier 
1S11 Cor. bars straight 1.04 506 295 Diagonal tension 
1312 do. 1.04 376 219 do. 
1313 Round bars straight 0.98 372 217 do. 
1315 do. 0.98 351 205 do. 
1371* do. 0.98 289 205 Tension followed by diagonal 
tension. 
1372* do. 0.98 279 197 do. 
1375*| Cor. bars straight 1.04 314 222 Diagonal tension 
1376* do. 1.04 279 197 do. 
1651 do. 0.84 310 181 do 
1652 do. 0.84 450 262 do 
1655 do. 1.04 282 165 do 
1656 do. 1.04 424 247 do 
1661 do. 1.25 560 327 do 
1662 do. 1.25 452 264 do 
1665§ do. 1.25 359 260 do 
1666§ do. 1.25 400 289 do 
1314 Round bars straight 1.47 450 263 Bond 
1634 do. 0.82 283 165 te 
1635 do. 0.98 216 126 = 
1636 do. 0.98 351 204 Probably bond 
1641 do. 1.28 365 213 Bond and possibly diagonal 
tension. 
1642 do. 1.28 317 185 Bond 
1645 do. 153 323 189 Probably bond 
1646 do 1.53 404 236 Probably diagonal tension and 
bond 
1341 Cor. bars straight 1.04 314 244 (Sloped footing) Diag. tens, 
1342 do. 1.04 315 245 oO. 
1351 ue, 1.04 421 351 (Stepped footing) Diag. tens. 
1352 1.04 340 284 do. 
Round bars, 1 straight, 4 
1673 up at different 1.28 388 227 Uncertain 
1674 1.28 394 230 Bond and diagonal tension 
Round bars, 2 straight, 
1675 4 bent up at different 1.53 545 318 Bond 
1676 1.53 400 234 ss 
1685 Round bars straight with 125, 244 142 Me 
1686 plain round stirrups 1.25 325 190 ve 
1687 eran bars straight with 1.28 317 185 Bond 
1688 cor. stirrups 1.28 429 250 “3 
1692 Cor. bars straight with 1.24 476 278 Diagonal tension 
plain round stirrups 
1693 fee bais straight with 125 423 247 do. 
1694 | \ cor. stirrups 1.25 449 262 do. 
1712 Round bars straight 0.98 329 192 Tension and bond 
ilyals* do. 0.98 329 192 Tension 
1714 do. 0.98 387 226 Tension 
1716 do. 0.98 348 203 Tension 
IY Ailes do. 0.98 329 192 ‘ 
1718 do. 0.98 387 226 s 


* Length 6 ft. 8in. § Length 7 ft. 
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TABLE 12 (Continvgp), 


Nominal Vertical 


Reinforcement Shearing Stress 
Foot- lb. per sq. in. 
ing Manner of Failure 
No. Distance 
Disposition Per | Atface | g from face 
cent of pier of pier 

1731 { Cor. bars, 4 bent up at)| 1.25 567 331 Tension 
1733 | \ different points 1.25 628 365 eo 
1757 eons bars curved up at 1.04 356 208 Tension 
1758 | \ ends 1.04 349 204 Tension 
1759 do. 1.04 349 204 Tension 
1761 Cor. bars curved up at 0.85 374 219 Tension 
1762 | | ends 0.85 382 224 ee 
1763 do. 0.85 480 279 Tension 


beams supported and loaded as were these footings. It has been stated 
on page 10 that the application of the load on the wall (Fig. 1, page 8) 
and the uniform support of the footing along its bed may be expected 
to cause a different distribution of shear throughout the vertical sec- 
tion at the face of the wall than is usually assumed in normal beam 
action, and it seems probable that the vertical shear is more largely 
taken by the compression area and that relatively less of it is borne 
in this section below the neutral axis. As a result, the diagonal tension 
may be expected to be less at this section than would be the case with 
normal beam action. Tests of beams show that diagonal tension fail- 
ures start at the reinforcing bars some distance from the support, even 
if the total vertical shear is much greater at the support. It may then 
be expected that the critical section for diagonal tension will be some 
distance from the face of the wall. In the tests of wall footings the 
diagonal crack is generally formed at the level of the reinforcing bars 
at a point distant from the face of the wall about equal to the vertical 
distance d from surface of footing to center of reinforcing bar. With- 
out knowing exactly what point to select we may use a section through 
this point tentatively as the critical section (that is, a vertical section 
at a distance from the face of the wall equal to the depth of the footing 
down to the center of the steel) and compare the vertical shearing 
stresses obtained in footings having a variety of proportions of depth 
to length. 

In Table 12 are given calculated values of the vertical shear for a 
section at the face of the wall and for a section distant d from it for 
those footings in which diagonal tension failures were found, and also 
for others in which high vertical shearing stresses were developed. It 
will be seen that the values of the vertical shear at the new section are 
much more consistent among themselves in the diagonal tension failures 
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than is the case with the section next to the face of the wall. The 
values of the shearing stress for this section are generally greater in 
the footings which failed by diagonal tension than the values found for 
other forms of failure. The fact that in the tests diagonal cracks gen- 
erally formed first at a point somewhat near this section also favors its 
use. It would seem to be safe practice, where the vertical shearing 
stress is to be used as the measure of the resistance of the footing to 
diagonal tension failure, to consider the section distant d from the face 
of the wall as the critical section. 

It should be noted that the values of the vertical shearing stress at 
this so-called critical section are larger than those which have been 
found in beam tests. This, probably, is due partly to the fact that short 
beams give higher resistance to diagonal tension (possibly on account 
of less deflection and on account of less frequent tension cracks in the 
concrete), as has been shown in Bulletin No. 29, and possibly partly to 
not taking the critical section far enough from the face of the wall. 

26. Bond Stresses.—The analysis given in Article 5, “Analysis of 
Wall Footings,” indicates that in wall footings with a uniformly dis- 
tributed load the bond stress is greatest at the face of the wall and de- 
creases uniformly to the end of the projection, if ordinary beam action 
is to govern. The distortion of the concrete at the wall, necessary to 
develop the tensile stress in the bar at this point, or a slip of the bar to 
produce the same effect, and the formation of tension cracks in the con- 
crete (which take the place of much of the general deformation of the 
concrete), and other considerations which detract from true beam 
action, lead us to expect that equation (17) may not express the actual 
bond stress developed. It is even possible in the case of short bars 
that after slip of bar begins at the face of the wall the bond stress may 
for a time be fairly uniform along the bar and thus its intensity at the 
face of the wall be, say, only half of that given by this equation. How- 
ever, for simplicity and because slip is very undesirable, the bond stress 
u given in the tables has been calculated on the basis of equation (17) 
for a section at the face of the wall. Although the ordinary analysis 
does not hold for stepped and sloped footings nor where the longitudinal 
reinforcing bars are bent up at the ends, for the sake of comparison 
equation (17) has been used for these also. It is realized that the bond 
stress so calculated will not be the true bond stress. 

In failures by bond a crack, vertical or nearly vertical, formed at 
a section near the face of the wall and opened somewhat as the test 
progressed. Generally only one crack of this kind formed, though some- 
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times one formed at the second face. If the bar slipped at its end the 
crack opened widely. In some cases the bar slipped 14 in. or more. In 
all the cases in which instruments were used for detecting the move- 
ments of the bar, motion was detected first at a section at the face of 
_ the wall and later at the end of the bar. The load for which at a sec- 
tion at the face of a wall a movement of the bar with respect to the con- 
crete was first detected, corresponded with the load at which the con- 
crete would be expected to fail in tension; and it seems that this early 
slip is intimately connected with the formation of tension cracks in the 
concrete and that it is more or less local. The amount of the movement 
was affected by the position of the crack with reference to the location 
of the instrument. The development of local slip will affect the distri- 
bution of the tensile stress in the bar and also will increase the bond 
stress at other points. In some cases the passing of the yield point of the 
steel and a considerable slip of the bar came at loads close together and 
it was difficult to tell which developed first. In other cases the cause of 
failure is uncertain, but the statements given in the tables were decided 
upon from a study of the notes of the tests, the position and growth of 
the cracks, the instrument readings when taken, and an examination of 
the test piece after failure including the calipering of the bars. 

Calculated values of bond stresses are given in Tables 9, 10, and 11. 
Table 13 repeats these values for footings failing by bond or developing 
high bond stresses. It will be seen that in footings having %-in. bars 
failure by slip did not occur. There were a few bond failures with 
Y-in. bars, and there were a number of bond failures with 5-in. bars. 
In the footings with plain straight rods it will be noted that the values 
of the bond stress, as calculated by the method used, range somewhat 
higher than the values of bond resistance which have been found in bond 
tests of plain rods. In footings with straight corrugated bars, like No. 
1747, 1748, and 1749, high bond stresses were developed, and no failure 
of a footing reinforced in this manner is attributable to bond, though 
in No. 1694, at the end of the test, bars were found to have slipped. 
In some cases the concrete in front of the corrugations was found to 
have the appearance of being powdered, and slight movements were 
detected. 

In three of the footings, measurement of slip of bars was made at 
different points along the length of the bar. A graduated dial carrying | 
a pointer was attached to a reinforcing bar. A silk-covered wire, 
weighted at its free end to keep it taut, was wrapped around the shaft 
which carried the pointer and attached at its other end to the concrete 
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TABLE 18. 
VALUES OF BonpD STRESS. 
Rone Reinforcement ae | Nominal ; aa 

me a sehr Sale Manner of Failure 
No. Disposition ant ha cau 
1314 Round bars, straight 1.47 575 Bond 
1633 do. 0.82 467 Tension and bond 
1634 do, 0.82 436 Bond 
1635 do. 0.98 274 Y 
1636 do. 0.98 446 Probably bond. ’ 

1641 do. 1.28 445 Bond and possibly diagonal tension 
1642 do. 1.28 387 Bond 
1645 do. 1.53 318 Probably bond 
1646 do. 1.53 412 Bond 
1311 Cor. bars, straight 1.04 607 Diagonal tension 
1312 do. 1.04 451 do. 
1313 Round bars, straight 0.98 475 do. 
1315 do. 0.98 447 do. . » 
1371* do. 0.98 367 Tension followed by diag. tension 
13872* do. 0.98 355 do. 
1375*| Cor. hars, straight 1.04 378 Diagonal tension 
1376* do. 1.04 335 do. 
1651 do. 0.84 465 do. 
1652 do. 0.84 675 do. 
1655 do. 1.04 339 do. 
1656 do. 1.64 509 do. 
1661 do. 1.25 560 do. 
1662 do. 1.25 453 do. 
1665§ do. 1.25 360 do. 
1666§ do. 1.25 453 do. 
1362 Round bars straight 0.98 449 Tension followed by diag. tension 
1631 do. 0.55 855 Tension 
1632 do. 0.55 388 Tension 
1673 { Round bars, 1 straight, 4 } 1.28 475 Uncertain 
1674 bent up two points 1.28 482 Bond and diagonal tension 
1675 do. 1.53 555 Bond 
1676 do. 1.53 406 = 
1321 { Cor. bars, bent up at two 1.04 602 Tension 
1322 points 1.04 611 iY 
1325 Round bars bent up at two 0.98 500 Ss 
points. 
1326 Round bars bent up at one 0.98 525 at 
point. 
1671 { Round bars, one straight 0.82 474 Probably tension 
1672 4 bent up at two points 0.82 474 do. 
1681 { Cor. bars, two straight, 4 bent } 1.25 496 No failure at maximum applied 
1682 up at two points 1525 555 load. See notes of test. 
1341 Cor. bars straight 1.04 376 Sloped footing) Diagonal tension 
Asai Gee 1.04 378 oe oO. 

By 0. 1.04 505 (Stepped footing) Diagonal tensio 
1352 do. 1.04 408 a = . 
1685 { Round bars, straight with 1225 298 Bond 
1686 plain round stirrups 1.25 396 a 
1687 { Round bars, straight with 1,28 387 ss 
1688 cor. stirrups 1.28 522 s 
1692 { Cor. bars, straight with cor. 1.24 540 Diagonal tension 
1693 stirrups 1.25 423 do. 

1694 do. 1.25 449 do. 
1712 Round bars straight 0.98 418 Tension and bond 


* Length 6 ft. 8 in, 


§ Length 7 ft. 
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TABLE 13 (Conrinvep). 


ie Reinforcement Nominal 
ing ond Stress ; 
No Dipotiion Pee Ib. per Manner of Failure 
cent sq. In. 
1714 Round bars straight 0.98 493 Tension 
1716 do. 0.98 443 Tension 
1718 do. 0.98 493 i 
1731 { Cor. bars, 2 straight and 4 25 568 ss 
1733 bent at two points Eze 628 i 
1741 Round bars straight 0.52 571 Tension followed by bond 
1742 do. 0.52 605 Tension 
1743 do 0.52 595 e 
1744 do 0.77 544 Bond 
1745 do OTe 544 ea 
1746 do 0.77 584 Tension 
1747 Cor. bars straight 0.42 666 Tension 
1748 do. 0.42 555 cS 
1749 do. 0.42 666 ss 
1751 Round bars looped at ends | | 0.52 571 ~~ 
1752 do. 0.52 525 aS 
1753 do. 0.52 663 ie 
1754 Round bars curved up and 0.52 457 Tension 
1755 back at ends 0.52 542 ow 
1756 do. 0.52 685 ee 
1757 do 1.04 544 BS 
1758 do 1.04 535 es 
1759 do 1.04 535 se 
1761 { Cor. bars, curved up and back } 0.85 562 Tension 
1762 at ends 0.85 574 Wy 
1763 do. 0.85 720 i 
adjacent to the bar. The slip measuring apparatus is shown in Fig. 22. 


Fig. 23 gives the results for No. 1741 and No. 1744, the location of the 
points of measurement being shown in the plan at the right of the figure. 
Distance to the right of the zero line represents movement of the bar 
toward the center of the footing relatively to the concrete. In No. 1741 
the measured movement at the face of the wall for a load of 35 000 lb. 
was 0.001 in. At a load of 65 000 Ib. the end slip was nearly 6.001 in. 
At a load of 68900 lb. complete failure occurred by sudden slipping 
of the bars at the end where slip had previously been observed, but 
there were indications of previous critical failure by tension in the 
steel. In No. 1744 at a load of 70000 lb. the ends of the bars had 
slipped about 0.004 in., and this slip rapidly increased under a slightly 
larger load. The measurements go to show that there is a complicated 
relation between the slip of bars and the formation of tension cracks 
in the concrete. Tests have since been made to determine the relation 
between bond and slip movement, and the subject will be more fully 


treated in a forthcoming bulletin. , 
Of the footings with anchored bars, attention may be called to the 
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ones with horizontally looped bars, No. 1751, 1752, and 1753, which 
developed high strength and gave tension failures. The footings havy- 
ing bars bent or hooked back in a long curved bend, No. 1754, 1755, 
1756, 1757, 1758, and 1759, did not show failure in bond, but for some 
reason No. 1754 did not carry a high load. 


B. Cotumn Footines 


27. Tables——Table 14 gives data of the unreinforced concrete 
column footings, results of the tests, and calculated values of the 
modulus of rupture. Tables 15, 16, 17, and 18 give data of the rein- 
forcement of the column footings for the series of 1909, 1910, 1911 
and 1912, the results of the tests and the calculated stresses. The stresses 
were calculated by the methods outlined on pages 20 to 24. The values 
of 7 used are those given in Table 6. In the calculation of tensile stress 
and bond stress in footings of 10-in. depth, except where otherwise noted, 
the area of steel in an equivalent beam width of 4% of the width of 
footing was used. 

28. Unreinforced Concrete Column Footings.—The concrete foot- 
ings without reinforcement generally failed suddenly and without warn- 
ing at the maximum load applied. In some, as in No. 1506, the maxi- 
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mum load was held some little time before failure occurred. In the 
thicker footings, having at the higher loads much energy stored in the 
springs, the failure was violent, heavy pieces being thrown to one side 
and the testing machine giving the appearance of a wreck. In every 
case, failure was by tension and the footings broke into two or more 
pieces. The fracture generally occurred in vertical planes, except as it 
became inclined toward the edge of pier. Fig. 24 shows the position 
of the lines of fracture. The fractures on the side faces are not 
shown but the cracks on those faces were vertical in all cases. Along 
the top surface of the footings the fracture coincided with one face of 
the pier and in one of the failures cracks jogged back somewhat along 
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an adjacent face of the pier and ran from this point to the middle of 
the side of the footing. 

The deflections of the footing at the top surface were measured in 
No. 1505, 1506, 1507, and 1508 in an effort to determine roughly the 
distribution of stresses. The results are not sufficiently definite for the 
purpose. The curvature at an edge was less than that through the face 
of the pier. It would seem to follow from this that the stresses de- 
veloped in the concrete at the outside edge were less than those de- 
veloped in a parallel direction at the face of the pier. 

The moduli of rupture for the footings given in Table 14 were cal- 
culated by using a resisting moment based upon the full width of the 
footing, that is by considering the fiber stress in the concrete at the 
bottom of the footing to be uniform over the length of a section passing 
through the face of the wall, instead of taking into account the variation 
in stress across the section. The method of calculating the bending 
moment was the same as that used in the reinforced footings. Varia- 
tions in concrete and in the actual distribution of load over the foot- 
ing masked any effect due to the variation in proportion of depth to 
projection. It should be noted that the values of the modulus of 
rupture in the table are smaller than the modulus of rupture found 
in the control beams, averaging perhaps two-thirds as great if some 
allowance be made for the greater age of the control beams. The pro- 
jection in an unreinforced footing usually is relatively short, and it 
may be more convenient in designing to use the full width of section, but 
it appears that the working stress used should be based on a modulus 
of rupture smaller than that found by beam tests. The probability 
of variation in tensile strength of concrete also must be taken into 
account in choosing the working stresses for unreinforced footings. 

29. Phenomena of Tests of Reinforced Concrete Column Footings. —- 
In the tests of the reinforced concrete column footings, as the load was 
applied the springs forming the bed compressed. The deflection in these 
footings was so slight and the consequent difference in the amount of 
shortening in the springs was so small that in the calculations the 
load was considered to be uniformly distributed over the footing up to 
the point of failure. In cases where the failure was by tension or by 
slip of bars, there followed bending up of the edges of the footing which 
modified this distribution of the load as soon as failure became evident. 
Three forms of failure may be distinguished: (a) tension in reinforce- 
ment; (b) bond between steel and concrete; and (c) diagonal tension or 
shear. 
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TABLE 14. 


Data or UNREINFORCED ConcrETE CoLumMN Foorinas. 


SERIES OF 1910. 
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All footings 5 ft. square. 1-214-5 concrete, hand-mixed. Universal 
Portland cement. Weight of cement averaged 12.6 per cent of weight 


of aggregate. 


Modulus Control Beams 6-in. Cubes 
Footing| Age Depth Load of = 
4 at Rupture |Modulus of Maximum 

No. days inches Failure lb. per Rupture Age Load Age 

pounds sq. in. lb. per days lb. per days 

sq. in. sq. in. 

1501 14 6 30 000 272 309 79 2910 112 
1502 74 6 28 000 254 423 87 2939 104 
1503 eh 8 49 000 250 373 79 2307 112 
1504 73 8 31 000 158 425 109 1761 109 
1505 86 12 86 000 195 376 95 3618 128 
1506 77 12 67 000 152 272 99 2260 116 
1507 75 18 238 000 240 409 105 3180 121 
1508 73 18 190 000 191 363 93 1988 109 


(a) In the failures by tension in the steel the cracks which had 
appeared at the bottom or on the lateral faces of the footings near the 
middle portion of the length opened at the maximum load, and the 
maximum load was maintained for some time under steady pumping 
of the jacks, the edges of the footing meanwhile deflecting considerably. 


1503 


/50/ 


L 


Fic. 24. Unremnrorcep Concrete CotuMn Footinas. 
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The Drawings of No. /4/2, 14/5 and /42/ show 


WH1é Cracks as they Qppeagred 


on the Botton Surface of the Footing. 


Fig. 25. Rernrorcep Concrete Cotumn Footings. 
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The Drawings of Wo, /43/ and /A37 show the Cracks as they qgoeared 


or the Botton Surface Of thé fOOring. 


Fig. 26. Reinrorcep CoNcrRETE CoLumNn Foortinas. 
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Tig. 27. RrtnrorceD Concrete CoLtumn Foorinas. 
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Footrnes. 


EINFORCED CONCRETE CoLUMN 


Fie. 28. RK 
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Surrace of Fracture after Femoval of Broken Concrete is shown thus 


Gs. 


BINFORCED CoNcRETE CoLtumMN Foorin 


Fia. 29. R 
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When the operation of the jacks was continued after the maximum 
load was reached, the pier finally sheared or punched through the foot- 
ing (see No. 1838, Fig. 31), the angle of the shearing face generally 
being steeper than 45° with the vertical. This shearing took place after 
considerable deflection and when the projection of the footing was 
taking only a fraction of its share of the load. After the phenomena 
just noted the cracks on the upper surface of the footing extended from 
the corner of the pier to a point on the lateral face of the footing 
opposite the face of the pier (see No. 1412, Fig. 25, page 78). In a 
few cases the line of fracture ran to a point near the middle of the pier. 
It should be borne in mind that the shearing and formation of cracks 
referred to occurred after the yield point of the reinforcement had been 
reached. In some footings examined the reinforcing rods were found 
to be necked. 

(b) In the bond failures the failure was gradual, cracks forming 
near the ends of the lateral faces and finally opening up considerably, 
while the tension hair cracks which had opened in the middle of the 
lateral faces finally closed. (See No. 1415, Fig. 25, and No. 1417, Fig. 
25). In general, the large cracks formed in the bond failures ran 
diagonally inward from near the corners of the footing. In many cases 
the bars were seen to have slipped at the ends. In cases where rein- 
forcement was placed close to the lower surface of the footing, the 
tension cracks which formed by beam action in a direction parallel 
to the lower reinforcing bar, loosened the bond of these bars and 
caused failure at lower loads than might otherwise be expected. The 
manner of this loosening is apparent from Fig. 8 (c), page 18. 
Several of the footings of the series of 1909 suffered from this cause. 
In a number of cases, when the test was continued farther than the 
maximum load, an ultimate failure by punching through the footing 
in the manner noted under “Tension Failures” was found. The measure- 
ments of slip of end of bar taken in the tests of 1912 and discussed under 
“Bond Failures” give information on the first slip of bar. 

(c) In the form of failure termed diagonal tension or shear failure 
the footing below the pier suddenly separated from the outer portion of 
the pier, leaving a mass in the form of a frustum of a pyramid below 
the pier, the reinforcing bars being stripped from a part or all of the 
remainder of the footing. The outer portion of the footing was gen- 
erally intact, except as to tension cracks which had formed as usual. 
The face of the fracture was about 45° with the vertical. No. 1843, 
Fig. 31, failed in this way. These failures are similar to the failures 
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in ordinary reinforced concrete beams known as diagonal tension or 
shear failures in suddenness, in direction of the fractured face, and in 
the stripping of the reinforcing bars. Since these failures are in the 
interior the formation of diagonal tension cracks could not be ob- 
served. In all probability the failure is due to diagonal tension stresses, 
the cracks forming first at or near the reinforcing bars. For the highest 
loads obtained incipient compression failure was observed near the 
junction of pier and upper face of the footing. 

The following are brief notes of tests. The location of cracks is 
shown in Fig. 25-29. The heavy lines on the lateral faces of the pier 
indicate cracks along which failure took place. Reference may be made 
to Table 15-18. It should be remembered that when first observed the 
cracks noted were hair cracks, which continued to be very fine cracks 
until they opened when the steel reached its yield point or bond re- 
sistance was overcome. As the faces of the piers varied in roughness 
and as they were not whitewashed, the load when a crack was first ob- 
served may be expected to be different in one footing from that in a 
companion test piece. The footings marked “Stored in place of mak- 
ing” were left on the floor of the mixing room in the place they were 
made until just before the test. In this position they were subject to 
considerable dampness during the time of seasoning, as the floor was 
frequently wet from the work. It seems evident that the concrete in 
this condition hardened more slowly and did not attain the same 
strength in the storage period as did those footings which were stored 
above the floor. 


Serizrs or 1909. 


No. 1411. Tested with flat bearing plate. Shortening of springs 
at north end nearly double that at south end. Very uneven distribu- 
tion of load. Tension crack formed at 96000 Ib. Failure at 112 000 Ib. 
by gradual opening of tension cracks. 


No. 1412. Load was applied through a spherical-seated bearing 
block. At 120000 Ib. tension crack appeared on east face directly in 
line with north face of pier. At 144000 lb. a second tension crack ap- 
peared on the east face directly in line with the south face of the 
pier. Footing failed slowly at 160000 lb., tension cracks opening. 
(See Fig. 25.) 

No. 1418. This was the first footing tested and much of the work 
was experimental, and many of the springs were without bearing at the 
beginning of the test. A flat bearing block was used and the load was 
not uniformly distributed. Possibly some error in data. No eracks 
noted until directly before failure. The main cracks ran from points 
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on the lateral faces near the corners of the footing towards points 
under the pier. Slip of bars was observed. Bond failure. 

No. 1414. First crack observed at 120000 lb. in middle of west 

lateral face. A second crack formed at 136000 Ib. and closed up at 
the failure of the footing. Failed at 192000 Ib. by bond, new cracks 
forming on the bottom from near the corners. 
No. 1415. (See Fig. 25.) Short rods extended alternately to within 
3 in. and 12 in. of faces of footing. Southeast corner carried less load 
than remainder. Tension cracks which formed finally closed up. Fail- 
ure at 160 000 Ib. by bond, cracks forming and opening on lateral face 
near corners. 

No. 1416. Tension crack at 120000 lb. on two opposite faces. 
Gradual failure at 128 000 Ib. Manner of failure not definitely known, 
probably bond. The use of shorter rods may have caused concentration 
of bond stresses. 

No. 1417. (See Fig. 25 and 30.) No cracks were noted until the 
maximum load of 160 000 lb. was applied, when cracks formed gradually 
near the corners. Bond failure. Reinforcing bars were very. close to 
surface, especially on east side. 

No. 1418. No cracks were noted until maximum load of 176 000 
lb. was applied, when cracks formed slowly on the lateral faces near 
the corners and failure was gradual. The slipping of reinforcing bars 
was very noticeable. Cracks formed in horizontal plane of rods and 
the concrete below split off. 

No. 1421. (See Fig. 25 and 30.) Flat bearing plate used. Rein- 
forced with rods of varying size. At 128 000 lb. tension cracks appeared 
on three faces. These cracks followed the lines of the reinforcing bars 
and reduced the effectiveness of the bond resistance. Method of failure 
not definitely known, probably bond. 

No. 1422. (See Fig. 27.) Footing stored in place, of making. 
Load not uniformly distributed. No cracks appeared until sudden 
failure occurred at 160000 Ib. Method of failure not determined. 

No. 1425. (See Fig. 25.) Flat bearing plate. Reinforcing rods 
with varying spacing across the footing. Load not uniformly distrib- 
uted, the north side taking a greater load. At 112000 lb. cracks were 
seen on two faces. Maximum load 160 000 lb. Probably tension failure. 

No. 1426. Tension crack at 112 000 lb. on east face and at 144 000 
Ib. on south face. Failure gradual at 160000 lb. Seemingly tension 
failure, perhaps beginning at edge where rods were spaced far apart. 

No. 1429. Reinforced with wire mesh. First crack at 96000 lb. 
on east and west faces. Broke suddenly at 128000 1b. Tension failure. 

No. 1431. (See Fig. 26.) Reinforced with mild steel corrugated 
bars. Two cracks on east face in line with north-and-south face of pier 
at 112000 lb. and one on west face and one on south face at 128 000 
Ib. Oracks grew as load was increased and at the maximum load of 
156 000 lb. failure occurred. Tension failure. 
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No. 1432. Reinforced with mild steel corrugated bars. Crack at 
128 000 lb. and others appeared later. Principal cracks opened. Grad- 
ual failure at 136000 lb. Tension failure. 

No. 1485. (See Fig. 25.) Reinforced with corrugated bars of 
varying sizes bent up somewhat at ends. At 136000 Ib. tension crack 
appeared in west face in line with the south face of pier, at 144 000 lb. 
on east face opposite north face of pier.. Failed at 208000 lb. by 
diagonal tension, the angle of the faces of fracture being about 45° on 
all four sides. The lower layer of concrete to the top of reinforcement 
fell away and outer portion of footing broke into four pieces. One 
1/4-in. bar near north face was found broken near the center of its length. 

No. 1436. (See Fig. 26.) Reinforced as No. 1435. Stored in 
place of making. At 160 000 lb. tension crack appeared on east and west 
faces. At 176000 lb. failed suddenly much as No. 1435. 

No. 1487. (See Fig. 26.) Light reinforcement of corrugated bars. 
At 104 000 lb. tension cracks appeared on east and west faces on line 
with north face of pier; at 112000 lb. on north and south faces. 
Failed by tension at 128 000 lb. 

No. 1489. (See Fig. 26.) Flat bearing plate. At 136000 lb. 
tension cracks appeared at center of length of east face and at 144 000 
Ib. near center of west and north faces. Failed at 160 000 lb. by tension 
in steel. Pier finally sheared through. 

No. 1447. (See Fig. 26.) Reinforced with rods in four directions. 
At 144 000 lb. two cracks appeared on west face, one directly in center 
and one 12 in. from corner, the latter crack closing before final failure. 
At 160 000 lb. crack in north face in line with east face of pier and at 
167 000 lb. on south face about center. Sudden failure at 208 000 lb. 
Diagonal tension failure. 

No. 1448. Footing stored in place of making. At 144000 lb. 
crack appeared on east face, one on the south face and two on the west 
face. Three were near center and one 8 in. from corner, the last nearly 
closing up before final rupture. Sudden failure at 176 000 Ib. by diag- 
onal tension. 

No. 1449. (See Fig. 26.) At 96000 lb. crack appeared at center 
of length of east face and on west face in line with north face of pier. 
At 160000 lb. at center of south face and at 192000 lb. at center of 
north face. Tension failure at 192 000 lb. 

No. 1451. (See Fig. 27.) Sloped footing. Stored in place of mak- 
ing. At 80000 lb. crack appeared on west face 9 in. from corner. 
Failed at 88000 lb., evidently by bond. It would seem that in this 
form of footing bond stresses would be more concentrated towards the 
ends of bars than in footings of rectangular cross section. 


Series or 1910. 


No. 1515. Tension cracks appeared at the middle of the two lateral 
faces at a load of 120000 Ib. At 166000 lb. tension cracks appeared 
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at the middle of the other two lateral faces. At 185000 lb. gradual 
failure by tension occurred, the tension cracks opening up. With a 
continuation of the test there was a punching through the footing by 
the pier. 

No. 1516. First crack (tension) at 102000 Ib. Instruments re- 
moved at 138 000 lb. Load released at 143 000 lb. to adjust the testing 
machine. Load again brought to 138 000 Ib. and then released to ad- 
Just upper nuts of testing machine. Load again applied and released 
because of. dangerous leaning of the springs. The test was continued 
the following day. The footing held the maximum load at 170000 lb. 
for several minutes under steady pumping of the jacks, while the ten- 
sion cracks on the sides slowly opened. Failure was by tension in the 
reinforcement. With continued operation of the test, rods in the 
lower layer slipped, cracks having formed along the lower surface be- 
neath them. The pier finally sheared or punched through along di- 
agonal planes. 

No. 1521. Seven-inch depth to center of reinforcement. First 
cracks (tension) at 52000 lb. When the load of 116 000 lb. was reached 
the tension cracks widened perceptibly and the load fell off at once to 
112 000 Ib. Tension failure along these cracks at this load. The pier 
finally punched through as shown in diagram. 

No. 1522. Seven-inch depth. First crack (tension) at 85000 lb. 
Instruments removed. At maximum load of 122 000 lb. cracks slowly 
opened. Failure was very gradual. Examination of footing after 
failure showed that rods had slipped at northeast corner and at south 
edge. Examination of three rods along west side showed no indica- 
tion of slip. In general the slip of bars was accompanied by cracks in 
the concrete immediately underneath and in the direction of the bar. 
Rods which were calipered showed no indication of reduction of section. 

No. 1525. Five-inch depth. First cracks (tension) at 45000 Ib. 
Failure at 65 000 lb. by gradual opening of cracks on face near corners 
and final appearance of diagonal cracks on top face. General indica- 
tions of failure by bond. In the final punching through by the pier, 
the faces of the fractures were nearly vertical. Examination after 
failure showed that most of the rods had slipped, many of them at both 
ends. The bottom bars showed no reduction of section. 

No. 1526. Five-inch depth. First crack (tension) at 38000 Ib. 
Instruments removed at 49000 Ib. At 85000 Ib. cracks on lateral 
faces near corners gradually opened. Bond failure, diagonal cracks 
finally reaching the top surface. After failure all the rods in this 
footing were examined and all but two found to have slipped at one or 
both ends. These two were in the bottom layer and next to the south 
edge. They were gaged with a micrometer caliper and found not to 
have necked. 

No. 1531. Ten-inch depth. First crack (tension) at 85000 Ib. 
Springs leaned considerably and load was released, machine adjusted, 
and load reapplied. At 177 000 Ib. the springs again needed adjustment 
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and the load was released. Four weeks later additional springs were 
placed on the bed and a second test made. At 280000 Ib. concrete 
above the base of the pier began to show signs of compression failure. 
The load fell off slowly and the footing finally failed suddenly by 
shearing through from the edge of the pier at the top of the footing 
to a line about as shown in Fig. 8(b) at the bottom, and the reinforce- 
ment together with the concrete layer below it was stripped off. The 
tension cracks which had formed closed up. Diagonal tension failure. 
Where concrete remained on rods examination was made after failure 
and no rods could be found to have slipped. The angle of fracture with 
the horizontal was about 45°. 

No. 1532. First crack (tension) at 138000 lb. Instruments re- 
moved at 198 000 lb. At 242000 lb. the springs had closed up. The 
load was then released and one week later with additional springs placed 
on the bed the footing was loaded to failure with 252000 Ib. Failure 
was sudden by the pier shearing through. The fracture made.an angle 
of about 45° with the horizontal. Of the few rods still encased in con- 
crete when examined after failure none had slipped. As to the rest 
nothing could be determined. 

No. 1535. First crack (tension) at 158000 lb. Gradual failure 
at 194000 lb. Failure was accompanied by opening of cracks near 
corners on lateral faces and by closing of tension hair cracks which had 
appeared near the center of the lateral faces earlier in the test. Bond 
failure. After failure all the rods were examined and all but two were 
found to have slipped at one or both ends and it is possible that even 
they had slipped at one end. These two were next to the north and 
east edges and in the top and bottom layers respectively. 

No. 1536. Very gradual failure at 182000 lb. Indications of 
failure by slipping of reinforcement. All bars which were found to 
have slipped were in the upper layer. Under the ends of bars found to 
have slipped cracks were found running in the direction of the bar. No 
such cracks were found at the ends of bars which had not slipped. 

No. 1541. Five-inch depth. First crack (tension) at 45000 Ib. 
Instruments removed at 52000 lb. Load fell off slowly while instru- 
ments were being removed and load could not be raised above 52 000 Jb. 
by further pumping. This maximum load was held under steady pump- 
ing for about two minutes while footing deflected visibly. The failure 
was gradual, the bars slipping 1% in. to 84 in. As the load was released 
some of the concrete below the bars dropped off. It seems probable that 
rods were placed too close to lower surface and that tension cracks 
reduced bond resistance. . 


No. 1542. Five-inch depth. First cracks (tension) appeared at 
67 000 Ib. on two opposite faces. Instruments removed at 85000 Ib. 
Gradual failure at 95.000 lb. Crack on lateral face near corners formed 
and opened on application of maximum load. Bond failure. 


No. 1551. (See Fig. 80.) Ten-inch depth. Reinforced with 
round corrugated bars. Tension cracks formed at 102000 lb. Instru- 
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ments removed at 102000 lb. At 218 000 Ib. tension cracks formed at 
middle of third lateral face. At 225 000 Ib. failure by diagonal tension, 
as shown in Fig. 30, the reinforcing bars stripping off. 

No. 1552. Reinforced with square corrugated bars. First crack 
(tension) at 102000 lb. on three lateral faces. Instruments removed 
at 177 000 lb., and at 198 000 Ib. load was released, footing removed, 
additional springs put in, and the test was continued. Failure at 
236 000 Ib., sudden and violent and similar to No. 1551. Diagonal 
tension. The reinforcing stripped off and the footing broke across as 
a plain concrete footing. 

No. 1553. Reinforced with 0.6% of corrugated bars in each 
of two directions. At 218000 lb. the springs had closed and the test 
was discontinued and the footing removed from the machine. A month 
later with additional springs on the bed of the machine the test was 
completed. At 327000 lb. the footing suddenly failed by diagonal 
tension. Highest load of any test. 

No. 1554. First crack (tension) at 120000 lb. Final failure by 
diagonal tension at 288000 lb. Angle of face of fracture about 45° 
with the vertical. 

No. 1561. Reinforcement laid in four directions. First crack 
(tension) at 138000 lb. Load released twice to adjust machine. Fail- 
ure gradual at 240 000 lb., the tension cracks on the four faces opening. 
Examination after failure showed that of the rods in the upper layer 
those close to the edges of the pier‘had slipped at the ends while those 
passing under the center of the pier and those close to the edges of the 
footing had not slipped. Some of the diagonal rods had slipped. 

No. 1562. Reinforcement in four directions. First crack (tension) 
at 120000 Ib. Instruments removed at 198000 lb. Failed at 210 000 
Ib. by gradual opening of tension cracks on east and west faces, fol- 
lowed after a slight falling off of load by a sudden shearing around pier. 
Of the several rods on each side examined after failure many showed 
conclusively that they had not slipped and the remainder were in such 
condition that nothing about slip could be determined. 

No. 1563. Reinforced in four directions. First crack (tension) at 
120000 lb. Failure at 174000 lb. by gradual opening of cracks on 
east and west faces, followed finally by shearing. 

No. 1564. (See Fig. 27.) First crack (tension) at 138000 lb. 
Failure at 210000 lb. by gradual opening up of tension cracks on two 
opposite faces followed by shearing around pier. After failure it was 
found that of the rods in the bottom layer those in the north half only 
had slipped at the west end. Of the north and south rods (third layer 
from bottom) those in about the middle third had slipped _at the south 
end. Of the diagonal rods in the second layer from the bottom those 
passing under the edges of the pier had slipped while those passing 
directly under the center of the pier had not slipped. 
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Series or 1911. 


No. 1806. At a load of 188000 lb. fine cracks were noted on all 
faces of footing over reinforcing bars, extending upward about 5 in. 
At a load of 159 000 lb. the cracks opened somewhat. As the load was 
increased, these cracks opened very little and at a load of 179 000 lb. 
failure occurred gradually by bond. 


No. 1807. At a load of 159000 lb. the cracks which had formed 
on the north face and the east face were opening and extending. 
Another crack was noted on west face of footig 6 in. north of pier. As 
the load was increased the cracks lengthened and became more prom- 
inent and at a load of 198000 lb. they were gradually opening up. 
Failure occurred slowly at a load of 210 000 lb., probably by tension. 


No. 1808. At a load of 120000 lb. a vertical crack 4 in. high was 
noted on north face of footing in line with the west face of the pier. 
At a load of 138 000 lb. cracks were noted at the center of the north, 
east, and west faces 5, 7, and 6 in. high, respectively. A crack 6 in. 
high was also noted on west side in line with south face of pier. Ata 
load of 198 000 lb. the pier began to fail and the load was released, a 
new pier set in place, and the footing again loaded. Failure occurred 
at a load of 198 000 lb. by diagonal tension. The cube tests show that 
the concrete in this footing was not quite up to standard. 


No. 1809. At a lead of 219 000 lb. the cracks on the north face 
were gradually opening up and failure was imminent. Maximum load 
was 236000 Ib. Failure occurred by tension followed by diagonal 
tension. Pier punched through footing. 

No. 1810. At a load of 138 000 lb. fine vertical cracks were noted 
on north face of footing in line with east face of pier, on west face 
in line with north face of pier 6 in. high, and on east face of footing 
at center 6 in. high. At a load of 158000 lb. the cracks became 
more prominent. At a load of 178 000 lb. cracks were noted on north 
face 2 in. west of center 6 in. high, on west face at center and in 
line with north face of pier, and on south face in line with east and 
west faces of pier 6 in. high. At a load of 198000 lb. cracks -were 
noted on north face 2 in. east of center 6 in. high and on west face 
6 in. south of pier 6 in. high. Failure occurred at a load of 219 000 
lb. by diagonal tension. 

No. 1811. At a load of 219 000 lb. cracks previously observed were 
extending but no new ones were noted. At a load of 261000 lb. the 
cracks began to widen, one of the rods in the upper layer slipped at its 
west end and failure occurred suddenly by diagonal tension. 

No. 1812. At a load of 159 000 lb. all the cracks were prominent. 
Failure occurred at a load of 171 000 lb. by bond. Pier finally punched 
through the footing. Examination afterward showed that middle third 
of both layers of bars had slipped 4 in. at their end. 

No. 1813. At a load of 121000 lb. the cracks were opening and 
extending. It was difficult to maintain the load. Load was removed 


TALBOT—REINFORCED CONCRETE FOOTINGS 91 


and the under side of footing examined and it was found that the bars 
had slipped. Bond failure. 

No. 1814. At a load of 219000 Ib. the cracks were not opening 
very fast. As the load was increased to 260000 lb. the cracks became 
more prominent but there were no signs of failure. At a load of 
301 000 lb., the ends of bars were found to be slipping at holes cut into 
the concrete, and the cracks at reinforcing bars opened up gradually. 
Failure occurred suddenly at this load by bond and with great violence. 

No. 1815. Cracks formed at reinforcing bars. At a load of 282 000 
Ib. the cracks had widened very little. Fine hair cracks were noted 
around some of the bars. Failure occurred at a load of 294 000 Ib. by 
diagonal tension and bond. 

No. 1816. As the load was increased to 138 000 lb. the cracks on 
the north face of footing opened up considerably and the rods slipped. 
Failure occurred by bond. Bars showed slip at three faces. 

No. 1817. (See Fig. 30.) At a load of 159000 Ib. the bar at 
center running in a north and south direction had slipped and a crack 
at this bar had opened up considerably. Some of the bars at the west 
face of footing showed indications of slip. The load was released and 
cracks closed up very little. The footing was again loaded to 159 000 
lb., the cracks opened up considerably, and failure occurred by bond. 
A number of the rods were observed to have slipped. 

No. 1818. Reinforced with 3£-in. round corrugated bars. Failure 
occurred at a load of 198 000 lb. by diagonal tension. 

No. 1819. Reinforced with %-in. round corrugated bars. At a 
load of 198 000 lb. a prominent crack was noted on north face 13 in. 
to west of pier 5 in. high. At this load the cracks on west side were 
opening up. As the load was increased the cracks opened gradually 
and failure occurred suddenly at a load of 261000 lb. Failure due to 
tension followed by diagonal tension. 

No. 1820. Reinforced with 14-in. square corrugated bars. As the 
load was increased small cracks were noted at the reinforcing bars on 
north, east, and west faces. Failure occurred at a load of 179 000 Ib. 
by diagonal tension. 

No. 1821. Reinforced with 14-in. square corrugated bars. Tested 
at an age of 30 days. At a load of 159000 Ib. failure occurred by 
diagonal tension. There was no indication that the bars had slipped. 
After failure the vertical cracks on sides of footing had practically 
closed. A prominent horizontal crack was visible at plane of bars. 

No. 1832. Reinforced with 3£-in. round rods. No rods under the 
pier. At a load of 102000 Ib. first crack was noted on north face of 
footing 6 in. east of center 8 in. high. At a load of 138000 Ib. a 
vertical crack was noted on west face 8 in. north of center. At a load 
of 158000 Ib. other cracks noted in the middle fourth of length on 
east, west, and north faces. Failure occurred gradually at a load of 
198 000 Ib. by tension in steel. Examination of bars showed that they 


had necked. 
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No. 1828. (See Fig. 27.) Reinforced in same manner as No. 1822. 
As the load was applied up to 159 000 lb. vertical cracks were noted 
in middle third of length on the north, east, and west faces of footing. 
At a load of 178 000 lb. the cracks opened considerably and a new crack 
was noted on east face 8 in. south of pier 6 in. high. At a load of 
198 000 lb. the cracks opened up gradually and at a load of 210 000 Ib. 
failure occurred. Tension failure. Examination of the bars showed 
necking, as is discussed on page 62. 


Series or 1912. 


No. 1831. Cracks on north and south faces were higher than those 
in east and west faces, the lower layer of bars running north and south. 
At 153 000 lb., during the process of reading, the load fell off slightly. 
The maximum load was 161 000 lb. At this load the cracks on the north 
face had opened about 14 in. while those on the east and west faces 
had not opened appreciably. Failure was gradual and probably by 
slipping of north and south rods. 

No. 1882. (See Fig. 27.) Cracks were as shown in sketch. Graphs 
showing slip of bars indicate the critical point for slipping to have 
occurred at about 140 000 lb. At 184 000 Ib. measurements showed that 
the rods continued to slip after the increase of load had been dis- 
continued. At 192000 lb., the maximum load, the rods on all faces 
could be seen to be slipping. Failure was by bond. 

No. 1833. (See Fig. 27 and 30.) Cracks were as shown in sketch. 
At a load of 92 000 Ib. the pier failed, no cracks having been previously 
noted. A 12-inch cube about 4 years old was put in its place, embedded 
in plaster of paris, and the test continued. Failure took place violently 
at a load of 113000 lb. about 20 seconds after pumping of the jacks 
had been stopped. The main cracks after failure were found where 
none had been observed during the test. Examination after failure 
showed that the bars lying near the north face of the footing (bottom 
layer) had slipped about 1% in. and °4 in. at their. ends. No other 
slipping was apparent. 

No. 1834. Cracks were as shown in sketch. Careful search for 
cracks was made at lower loads but none were found. Failure was 
sudden at 153 000 lb., developing an entirely new set of cracks. Those 
previously observed did not open appreciably. At this load most of 
the bars slipped from 1% in. to % in. : 

No. 1835. (See Fig. 28.) The cracks were as shown in the sketch. 
The first crack occurred under rod number 3, the point at which the 
measurements detected slip first. Failure was gradual and took place 
at a load of 184000 lb. The cracks which formed at failure had not 
been observed previously. Rods slipped from 14 in. to 1% in. . 

No. 1836. At a load slightly less than 211000 Ib. an accident 
to the apparatus interrupted the test. The measurements for slip showed 
about the same characteristics on the second test as on the first. Before 
the second test; the cracks observed in the first test had nearly closed. 
Failure was probably by bond. 
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No. 1837. (See Fig. 28 and 32.) Ata load of 162 000 Ib. the pier 
of this footing failed. After a 12-in. cube had been put in its place 
the test was continued. Oracks formed in the first test closed before 
the second test. Failure was by slipping of bars. 

No. 1838. (See Fig. 31.) No cracks appeared except the four 
cracks shown in the sketch. These could not be detected at a load of 
74000 Ib. but were found at 92000. At 240000 Ib. the cracks had 
opened about 14 in. Failure was by tension followed by the shipping 
of all the rods at the maximum load of 247 000 Ib. The slab portion of 
the footing broke into four separate pieces, each breaking from the pier 
at an angle of about 45° with the vertical as shown in Fig wor 

No. 1839. First cracks were seen on north and south faces at the 
ends of the lower layer of bars. These cracks opened rapidly near 
maximum load and final failure came suddenly. Failure by tension 
followed by diagonal tension. 

No. 1840. (See Fig. 28.) Just before failure the cracks at the 
middle of the faces had opened to a width of about 14 in. and a 
very large deflection of the center of the footing was apparent. At the 
time that the pier punched through the footing, failure seemed to be 
occurring also by crushing of the pier. Failure was by tension followed 
by diagonal tension. 

No. 1841. (See Fig. 29.) At failure the first observed cracks had 
become about 1/16 in. wide. An examination after failure showed 
that although the bars were bent backward in vertical planes the ends 
of the four center bars in the top layer had slipped from 1/16 in. to 
¥g in. Of the bottom layer only the two center bars had slipped. The 
proximity of large vertical cracks probably is largely responsible for 
the slipping. The main slip apparently occurred at-the time of the 
collapse of the footing. Measurement with caliper showed some indica- 
tion of necking. 

No. 1842. (See Fig. 28.) First cracks were seen at the ends of 
the upper layer of bars. Failure occurred at 203000 Ib. after this 
load had been held under continuous pumping about 2 minutes. Exam- 
ination of bars with caliper indicated some necking. Failure probably 
by tension followed by diagonal tension. The pier punched through, 
the angle of fracture being about 60° with the vertical. 

No. 1843. (See Fig. 31.) This footing was reinforced with eight 
54 in. round corrugated bars in each layer. The first slip as indicated 
by the measurements was in a rod of the bottom layer which ended in 
the crack first observed. This rod passed under the pier very near 

edge. 
Pte 1844. The reinforcement was the same as in No. 1843. The 
first cracks appeared simultaneously on the north and south faces at 
a load of 93000 Ib. The measurements indicate that the first slip 
occurred in the two rods ending in these two cracks and at the same 
end as that at which the cracks were noted. Slipping of the bars was 
visible to the eye at the maximum load and before complete failure. 
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One crack opened 1/16 in. at a load of 252000 lb. and ¥% in. at the 
maximum load. Failure was by bond followed by diagonal tension, 
though there are indications that the slip of part of the bars threw 
greater stress on other bars and that these bars may have been stressed 
beyond the yield point. 


30. Reinforced Concrete Column Footings: Tension Failures.—As 
stated on page 73, the tension failures were marked by an appreciable 
opening of tension cracks at the lateral faces of the footing. The maxi- 
mum load was generally maintained for some time under a steady 
pumping of the jacks, the edges of the footing meantime deflecting up- 
ward. In many cases these tension cracks appeared at a point on the 
lateral face of the footings in line with a face of the pier, and these 
cracks were found to extend entirely along the lower surface of the 
footing, passing through points immediately below the face of the pier 
referred to. In other cases the cracks were nearer the middle of the 
length of the lateral face, and either extended directly across the bottem 
surface or offsetted somewhat toward or directly over the face of the 
pier. As the crack extended upward, it sometimes became directed 
towards the junction of the face of the pier and upper surface of the 
footing, or it made a square turn at the corner. It was difficult to 
find the condition of these cracks in the interior, and it is evident that 
the cracks seen on the upper surface were the results of conditions which 
obtained after the maximum load was reached. No, 1412, Fig. 25, and 
No. 1431, Fig. 26, may be referred to as illustrations of the formation 
and direction of these cracks. Of course, it seems probable, as the 
bending up was greater along a middle or central section of the pier 
than along a section near a lateral face of the footing, that the tension 
cracks formed first in the interior and also that the bars in the interior 
reached their yield point before this stress was reached by bars at the 
lateral face. Possibly after the yield point was reached in the interior 
there was an adjustment of the stresses through the bars and more was 
taken by the rods near the lateral faces. The general phenomena of 
failure indicate that the resisting moment developed must have been 
greatest at a section passing through the face of the pier or else at a 
combination section through the part of the footing just below the face 
of the pier and across the remainder of the footing just a little back 
of this face, as shown in Fig. 8(a), page 18. 

For failures by tension in reinforcement the loads carried were, in 
a general way, proportional to the amount of reinforcement, though in 
some cases the weaker footing of two companion test pieces failed at a 
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load below what might be expected, due, no doubt, to some part of the 
footing receiving a larger proportion of the load than the remainder and 
for which the assumption of uniform distribution of load gives in- 
correct results. For footings with the heavy reinforcement, sufficient 
load was not carried to develop the yield-point strength of the reinforce- 
ment but instead failure was by bond or diagonal tension. It is evi- 
dent that the amount of reinforcement which may be made effective 
.1s limited by the resistance to diagonal tension and bond stress which 
may be developed, and that bond and diagonal tension strength must 
be considered in the design of footings. 

In footings with depths of 5 in., 7 in., and 10 in., the complication 
of bond and tension failures prevents the drawing of final conclusions, 
but there is nothing to indicate a difference in action for footings of 
different thicknesses or different relative lengths of projection. 

31. Reinforced Concrete Column Footings: Bond Failures.—As 
outlined on page 83, the failures by bond were generally gradual fail- 
ures, cracks first becoming visible on the lateral faces near the corners 
of those footings in which the reinforcement was spaced over the entire 
footing and the tension cracks in the middle of the lateral faces finally 
closing or closing when the load was released. It seems probable that 
cracks had formed somewhat earlier in the interior nearer the pier, the 
central bars slipping, and that after this slip of the central bars greater 
stress would be given to the outer bars, probably at points nearer their 
ends, and the bond stress at the ends of these outer bars would increase 
and finally slip would occur there. The result was a failure crack in a 
diagonal direction. After these cracks opened the bars were found to 
have slipped. 

Values of the bond stress developed in the footings which failed by 
bond and in others developing high bond stresses, calculated by the 
method described on page 23, are given in Table 19. They are fairly 
consistent and are somewhat lower than values of bond stress derived 
from simple pulling tests. It must be borne in mind that the method 
of calculation is empirical and that the analysis does not apply to the 
arrangement of bars in exterior bands. Low values are explained by the 
nearness of the bar to the surface in some of the footings and by the 
formation of tension cracks across one set of bars, which cracks extended 
longitudinally along the other set of reinforcing bars and acted 
to loosen the bond, see Fig. 8 (c). The footings reinforced with 94-in. 
round rods are especially noticeable in this respect. 

Although the bond stresses developed in footings reinforced with 
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TABLE 19. 
VALUES oF Bonp STRESS DEVELOPED IN COLUMN FOOTINGS. 


In the calculations, the bars within a width of 46 inches were con- 
sidered, except as otherwise noted. 


Reinforcement Calculaved 
‘ootin on 
7 No. ? Stress > Manner of Failure 
Kind Per Ib. per 
cent sq. In. 
1413 Plain round bars 0.39 269 Bond 
1414 do. 0.39 358 oy 
1415 do. 0.39 299 Bond, (bars staggered) 
1416 do 0.39 239 do. 
1417 do 0.88 206 Bond 
1418 do 0.88 226 s ; 
1451 do 0.39 131 Bond, (sloped footing) | 
1522* do. 0.56 356 Bond with possible tension 
1525§ do 0.78 273 Bond ; cet 
1526§ do 0.78 368 Bond; tension probably imminent 
1535 do 0.59 372 Bond 
1536 do 0.61 279 Ss 
1541§ do 1.18 231 Bond; lack of concrete below bars 
1542§ do 1.23 340 Bond 
1812 do 0.39 315 Re 
1813 do 0.39 223 i 
1814 do 0.72 310 ‘ 
1816 do 0.41 293 oe 
1817 do 0.41 353 ea 
1831 do 0.41 357 i 
1832 do 0.41 425 a 
1833 II do 0.41 152 . 
1834 II do 0.41 206 oi 
1835 Il do 0.41 248 mS 
1836 II do 0.41 285 Sa 
1837 do 0.41 198 ie 
1412 Plain round bars 0.28 314 Tension 
1515 (o) 0.39 347 * 
1516 do 0.39 317 Tension followed by bond 
1521la do, 0.58 352 Tension 
1531 do 0.59 357 Diagonal tension 
1532 do 0.59 321 do. 
1806 do 0.41 241 Probably bond 
1807 do 0.41 283 Tension 
1815 do O72 303 Diagonal tension and bond 
1822 || do 0.41 266 Tension 
1823 Il do 0.41 282 Sy 
1838 do 0.41 254 Tension followed by sudden bond failure 
1839+ do 0.41 425 Tension followed by diagonal tension 
1840F do 0.41 445 do. 
1841f do 0.41 412 do. 
1842t do 0.41 450 Tension 
1552 Cor. square bars 0.42 415 Diagonal tension 
1554 do. 0.62 346 do. 
1820 do. 0.42 313 do. 
1551 Cor. round bars 0.42 448 Diagonal tension 
1553 do. 0.62 445 do. 
1818 do 0.39 279 do. 
1819 do 0.39 367 Tension followed by diagonal tension 
1843 do 0.41 507 Diagonal tension 
1844 do 0.41 596 Bond followed by diagonal tension 


* Depth 7 in. to center of steel. § Depth 5 in. to center of steel. Continuous bar looped. 
{Bars curved up at ends. || Reinforcement placed in exterior bands; ¢& of steel used in calculations. 
a Depth 634in. to center of steel. 


deformed bars were in some cases above those developed with plain 


bars, only one bond failure was found (No. 1844), the calculated bond 
stress being 596 lb. per sq. in. 
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Fig. 32. Apparatus ror DETERMINING END Sure or Bars. 


In order to determine definitely when first slip occurs at the end 
of the bars and whether bond is likely to be a primary cause of failure, 
a device was used in some of the 1912 tests by means of which an end 
movement of the bar as small as 0.0001 in. was measured with con- 
siderable certainty. This movement was determined by measuring the 
change in distance between the end of the reinforcing bar and a point 
in line with its axis and about 514 in. from the face of the footing. 
The apparatus is shown in Fig. 32. The measuring instrument con- 
sists of an Ames gage micrometer equipped with a pointed tail piece D 
and a bearing piece B. Movement of the pointer C indicates change 
in distance between the point of the tail piece and the end of the mi- 
crometer plunger A. In operation the point of the tail piece is inserted 
in a small hole drilled in the end of the reinforcing bar, and the end 
of the plunger is brought to bear at a definite point upon the surface 
EF which has a fixed position relative to the face of the footing. The 
position of the surface EF is maintained by means of the auxiliary 
rod G, the cast-iron bracket H, and the bearing shelf K. The auxiliary 
rod G is embedded a short distance in the concrete at the time of 
pouring the concrete and the other parts are put in place at the time 
of the test. In order that the end of the plunger shall always have 
contact with the same point of the surface EF, two conical contact 
points attached to the under side of the bearing piece serve to insure 
that the bearing of the plunger of the micrometer shall always be in 


98 ILLINOIS ENGINEERING EXPERIMENT STATION 


the same horizontal element of the bearing surface while the engagement 
of one of these contact points in a groove of the bearing shelf insures 
that the bearing shall always be in the same vertical element. The 
bearing surface EF is sufficiently curved to insure pressure against the 
plunger spring while the instrument is being seated. Hence accuracy 
of results does not depend upon the plunger being forced into position by 
the stiffness of the spring. In the view at the left of Fig. 32, means of 
measuring slip on five bars are shown. The micrometer, a movable 
instrument, is shown in place against one of these bars. 

By means of this instrument measurements of slip were taken on 
footings No. 1832, 1834, 1835, 1836, 1837, 1838, 1843, and 1844. It 
was found that with careful handling of the instrument results could 
be obtained which among themselves appear fairly consistent. Fig. 33, 
34, and 35 give representative results showing the slip at the end of the 
bar. The position of the bars on which measurements were taken is 
shown by the letters and numbers on the diagrams of column footings 
given in Fig. 25-29. In a few instances there appears to be a pro- 
gressive movement of the bars in the wrong direction for slip, and this 
indicates the possibility that some warping of the face of the footing 
may have been mistaken for movement of the bars. It seems unlikely 
that this would be of much importance in the results, since the slip 
was usually quite pronounced after it began, and since later observa- 
tions usually strengthened the conclusion that slip actually began at the 
point where the slip curve makes a sharp bend to the right. 

The tests of 1909, 1910, and 1911 had indicated that bond stress in 
column footings is an important consideration and that the forma- 
tion of tension cracks in the footing must go along with a loosening of 
the bars which are parallel to these cracks, thus hastening bond failure. 
In the 1912 tests in which slip was measured, a careful record of cracks 
was kept, and these tests show an intimate relation between the forma- 
tion of cracks on the lateral face of the footing and the slipping of the 
bars. Table 20 records the position of the cracks at the face of the 
footing and the position of the bars which give end slip, together with 
the corresponding loads. The position of the bar may be identified by 
reference to Figs. 27, 28, and 29, pages 80 to 82. In seven out of 
the eight footings in which observations were taken with the instru- 
ment the measurements showed slip. Of these seven, first slip at the end 
of bar occurred in four footings in bars which end at points where the 
first crack was detected. In one of the remaining three, first slip 
occurred where the second crack was detected. In the other two foot- 
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ings there seemed to be some relation between the formation of these 
cracks and the slipping of bars but the connection was not so close. 
In footing No. 1844 the first five points where slip occurred were co- 
incident with the first five cracks detected. It may be expected that 
the loosening effect would begin as soon as any load is applied, and slip 
of bars was observed in two cases before any cracks had been detected. 
In all other cases a crack was found at a load lower than that at which 
slip occurred at the same point. 

In all but one instance the bar in which first slip occurred was a 
bar which was located nearer the edge of the pier than any other on 
which measurement was taken. This was true whether the bars were 
spaced over the whole footing, grouped in the space between the edge of 
the pier and the edge of the footing, or confined to single bands some- 
what wider than the pier. It may be noted then that the bar which 
showed the most marked tendency to slip lies in the vertical section 
for which the stress in the bars at right angles to those under considera- 
tion appears to be a maximum. Evidently stress in one system of bars 
tends to reduce the bond resistance of the bars at right angles, and the 
results are in keeping with the assumption that the critical section is at 
the face of the pier. 

Attention should be called to the fact that the method of calculation 
of bond stress is not applicable to footings in which the reinforcement is 
placed in exterior bands, as is indicated by the very low values for No. 
1834, 1835, and 1836. Footing No. 1837, in which the reinforcement 
was placed in central bands, was loaded twice, the first time to a load 
of 162 000 Ib. and the second time to failure which occurred at 192 000 
Ib. On the first loading bar ¢ gave indications of slip at 110000 lb., 
and on second loading it showed no slip but bar d gave indications of 
slip at 120000 Ib. No other bar gave slip measurement. A crack had 
formed along bar d at a load of 73 000 Ib. In the companion footing, 
No. 1838, no slip was observed until failure at a load of 247 000 Ib. 

32. Reinforced Concrete Column Footings: Diagonal Tension Fatl- 
ures.-—The four faces of fracture found in the failures here named 
diagonal tension failures extended from the pier at the top of the foot- 
ing at an angle of about 45° with the vertical to the bottom surface of 
the footing, forming a frustum of a square pyramid having the corners 
or edges rounded off somewhat. As the diagonal tension cracks would 
begin at or above the longitudinal reinforcement it seems a reasonable 
procedure to take as a measure of the diagonal tension stress the vertical 
shearing stress obtained by using the vertical sections located at a 
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TABLE 21. 
VALUES OF VERTICAL SHEARING STRESS DEVELOPED IN COLUMN 
Foorines 
Reinforcement Calculated 
; Vertical : 
Footing Shearing Manner of Failure 
No. Kind Per Stress 
cent lb. per sq. in. 
1447 Plain round bars 0.31 130 Diagonal tension 
1448 do. 0.31 110 do. 
1531 do 0.59 180 do. 
1532 do. 0.59 162 do. 
1808 do 0.50 124 do. A ; 
1810 do 0.50 148 Tension followed by diagonal tension 
1811 do. 0.61 164 Diagonal tension 
1435 Cor. square bars 0.61 134 do 
1436 0. 0.67 113 do. 
1552 do. 0.42 149 do 
1554 do 0.62 185 do 
1820 do 0.42 Lk do. 
1821 do 0.42 99 do 
1551 Cor. round bars 0.42 142 do. 
1553 do. 0.62 211 do 
1818 do. 0.39 123 do. 
1843 do. 0.41 141 do 
1521* Plain round bars 0.58 158 Tension f 
1522+ do. 0.56 156 Bond and possible tension 
15251 do 0.78 144 Bond a 
1526t do 0.78 194 Bond; tension probably imminent 
1542t do 1.23 222 Bond 
1807 do 0.41 130 Tension : 
1809 do 0.50 148 Tension followed by diagonal tension 
1814 do 0.72 192 Bond 
1815 do 0.72 187 Diagonal tension and bond 
1823 do 0.41 131 Tension 
1836 do 0.41 132 Bond 
1838 do. 0.41 154 Tension followed by sudden bond failure 
1839 do. 0.41 119 Tension followed by diagonal tension 
1840 do. 0.41 125 do. 
1841 do. 0.41 116 do. 
1842 do. 0.41 126 Tension 
1819 Cor. round bars 0.39 162 Tension followed by diagona! tension 
1844 do. 0.41 167 Bond followed by diagonal tension 


* 634 in, to center of steel. +7 in. to center of steel. {5 in. to center of steel. 


distance from the face of the pier equal to the depth of the steel rein- 
forcement from the upper surface of the footing and to use as a length 
of section the four sides of the square base thus formed. The external 
vertical shear at this section would be the amount of load or upward 
pressure on the footing outside of this square base. The procedure in 
getting a measure of the diagonal tension is analogous to that used in 
ordinary beams, and the position of the section is analogous to that 
used in wall footings described on page 68. The formula for the 
vertical shearing stress already given on page 24 is 
ore a 
4 (442d) jd 

Values of the vertical shearing stress thus calculated are given in 
Table 21. The values found seem to be fairly consistent with the results 


v 
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obtained in beam tests. Higher values are noticeable with the larger 
percentage of reinforcement. This perhaps is explainable by the greater 
stiffness given by the larger reinforcement, as has been noted in the 
results for diagonal tension in ordinary beams. (See Bulletin No. 29.) 
The values obtained with the deformed bars were not greatly different 
from those with the plain rounds. 

Attention should be called to the probability that the method here 
used of placing the critical section for diagonal tension may not be 
applicable in the case of stepped and built-up footings. 

33. Disposition of Reinforcing Bars.—A variety of arrangement of 
reinforcing bars was used. In the two-way reinforcement the usual dis- 
position of bars was to space uniformly across the full width of the 
footing, but in some cases a closer spacing was made across the middle 
portion and the remaining bars were spaced farther apart. Footings 
were also made with the bars spaced uniformly over a width somewhat 
greater than the width of the pier and no bars outside of this, thus 
making what may be considered as two central beams. In other foot- 
ings the bars were placed in bands at the outer edge of the footing with 
no bars in the interior. In one set bars of a shorter length were used, 
and these were staggered in such a way that alternate bars ended near 
the face of the footing. Four-way reinforcement was also tried as 
shown in Fig. 26 and 27. 

Uniform spacing of bars was used in the effort to determine the pro- 
portion of the reinforcement which may be considered to be effective 
in resisting the calculated bending moment or the amount to be used in 
the calculations to determine the stress in the most stressed bars. 
Judging from the calculated stresses in the footings of this kind which 
failed by tension in the steel, for footings of the proportions tested, 
about three-fourths of the steel is effective in resisting the caleulated 
bending moment, or rather the stress in the highest stressed bars is the 
same as if three-fourths of the steel bars, equally stressed, made up the 
resisting steel. 

The footings which had the reinforcement placed in the form of 
two central beams carried high loads. In No. 1837 the bond stress was 
the critical stress and in No. 1838 (which was made of unusually strong 
concrete, the test cubes giving an average strength of 3710 lb. per sq. 
in. at an age of 109 days) the yield point of the steel was exceeded 
and this was followed immediately by a bond failure. It seems probable 
that the bars were stressed nearly equally. It is obvious that with the 
central beam construction the corners outside the main reinforcement 
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must have the strength to carry the loads coming on this portion. In 
the case of No. 1838 it would seem that the tensile deformations in the 
concrete in the corner squares must have been very high. In fact, from 
another point of view, it does not seem probable that the steel in the 
bands could have reached its yield point at a section through the face 
of the pier without the concrete in the unreinforced space near it being 
stretched far beyond the ordinary limit of deformation of plain concrete. 
It seems probable that cracks would form in this space and that these 
cracks would preclude the development of the resistance needed in the 
corner square. The action in this portion of the footing warrants 
further study. 

The footings in which the reinforcement was placed in outer bands 
and which had no reinforcement under the piers were made with a view 
of getting light on general footing action; it was not expected that this 
would be an effective way of placing reinforcement. It will be noted 
that No. 1822 and 18238 carried as high a load as the two footings with 
evenly spaced reinforcement made the same year (1911), No. 1806 
and 1807. Similarly, in the series of 1912, No. 1835 and 1836 carried 
as high loads as No. 1831 and 1832, but No. 1833 and 1834 carried 
smaller loads. Of course the conditions for bond resistance were worse 
for the 5g-in. bars. The calculations for stresses given in Tables 17 
and 18 for the footings with outer bands were made by using the same 
proportion of the bars as effective as was used for the footings with 
evenly spaced reinforcement (¢%), merely as a means of comparison 
and for want of any definite method of calculation which would be 
applicable to this kind of spacing, and the calculated bond stresses for 
the different dispositions of bars may not be comparable. It is seen 
that this method of calculation does not deal with the bending moment 
about a diagonal of the footing which for reinforcement in exterior 
bands may become an important consideration. The tests do not 
give information on the relation between the stresses in the different 
bars of any band. The tests bring out two points of interest: (1) the 
loads carried with this disposition of the reinforcing bars are large 
in comparison with what might be judged from the ordinary analyses 
and discussions which have appeared in engineering literature; and (2) 
there is seemingly a greater tendency to failure by bond when the bars 
are placed in bands near the edge of the footing, as is shown by the 
results in the bond failures in No. 1838, 1834, 1835 and 1836. The 
latter condition may result from a concentration of bond stress near 
the end of the bars. It goes to show the difficulties connected with the 
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calculation of bond stress in slabs. The location of the bars in which 
slip was first detected has already been discussed under the head of 
“Bond Failures.” 

A form of footing in which short bars are placed with their ends 
staggered, as shown in Fig. 25, is in line with designs which have been 
used in practice. This arrangement of bars is defended on the ground 
that there is the full amount of steel at the critical section and that 
there is no need of carrying all the bars to the face of the footing. In 
No. 1415 and 1416 one end of the bar extended to within 3 in. of 
the face of the footing while the other end was 12 in. from the 
face, the next bar alternating in position with this. As was to be 
expected this arrangement gave less bond resistance, and the footings 
failed by bond at lower loads than those in which the bars were made 
full length. It is hardly necessary to make the comment that this 
form of construction is not good practice, especially when the dimensions 
are such that resistance to bond stresses forms an essential part of the 
strength of the structure. 

In the footings with the reinforcement placed in four directions 
(four-way reinforcement), the total weight of steel in the diagonal 
direction in the 1909 tests was made about the same as that in the 
other directions. In the calculations for No. 1447, 1448, and 1449, for 
want of a better method, the bending moment has heen computed by 
the usual methods of the bulletin and one-half of this bending moment 
has been considered to be taken by one set of rectangular reinforce- 
ment. In the 1910 footings a larger amount of steel was used. Of 
these, No. 1561 carried a very high load. The significance of the 
results is obscured by the variety of manner of failure (bond, diagonal 
tension, and tension) and by variations in the quality of concrete, and 
a comparison with two-way reinforcement on the basis of load carried 
would not be of value. This type of distribution of reinforcement 
should receive further attention, and tests may well involve the measure- 
ment of deformation in the reinforcing bars. 

The footings having the reinforcing bars looped in a horizontal 
plane (No. 1839 and No. 1840) developed high calculated bond stresses. 
Those having the reinforcing bars bent upward and backward in vertical 
planes (No. 1841 and No. 1842) also failed by tension, but it will be 
seen that the opening of vertical cracks will tend to reduce the effect 


of this kind of anchorage. 
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IV. Summary 


34. Wall Footings——The tests of wall footings cover a variety of 
reinforcement. The method used to secure a distributed upward pressure 
introduced difficulties in testing. It also made it difficult to determine 
the load which should be taken as the critical load, and the loads which 
have been so specified may not always be the true critical load. The 
use of the bed of springs on the whole proved very satisfactory and is 
probably the best available arrangement for tests of the number and 
range used. The tests bring out phenomena which might not be ap- 
parent from analytical considerations alone or which might not be 
accepted without physical verification. Variations in concrete add to 
the complications encountered in analyzing such a series of tests. The 
tables and diagrams and discussions present information and data of 
the tests in a detailed way. The following statements summarize in a 
general way some of the points which are brought out by the tests 
and which have a bearing upon the principles and methods of design: 

1. Wall footings under load follow the general laws of flexure. The 
section for maximum moment, the critical section for calculation of 
vertical shearing stress for use in judging of resistance to diagonal 
tension, and the method of calculating bond stress received experimental 
consideration. 

2. The values of the modulus of rupture found in the unreinforced 
concrete footings are not far from the values of modulus of rupture 
obtained in simple beam tests such as the control beams. Increasing 
the richness of the mixture gives the added strength which tests of 
simple beams would lead us to expect. Variations in the tensile strength 
of concrete are to be expected, and considerable variation was found in 
the moduli of rupture of the test pieces, the variation being augmented 
by differences incident to the method of testing. The tests on footings 
of different lengths, undertaken to determine whether the section at 
the face of the wall should be used for the critical section, do not 
disclose any marked differences in modulus of rupture. 

3. The results of the tests and the measurements of deformation 
of the reinforcement indicate that the critical section may be considered 
to be at the face of the wall and that the calculated tensile stress in 
the bars at this section is probably somewhat above the maximum 
tensile stress developed. Whether the maximum compressive stress may 
properly be calculated in the same way was not determined. It may 
be expected that high compressive stresses exist at the intersection of 
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wall and projection. Indications of high compression and of incipient 
compression failure were found at the intersection of the wall and 
footing at loads above the critical loads. 

Test pieces in which the wall was poured after the footing had taken 
its set, gave results which indicate that a section at the face of wall 
may properly be used in calculations of moments even when the wall 
is to be poured separately from the footing. 

4. The calculations for bond stress, based upon the total external 
vertical shear at the section at the face of the wall and calculated by 
equation (17), evidently give stresses higher than the existing stresses. 
This is shown by the fact that the values calculated in this way are 
higher than those found in pull-out tests and beam tests. A study of the 
analytical conditions existing at this section tends to confirm the state- 
ment. However, as bond resistance is so important a strength element 
in a short cantilever beam, this method of calculation and the use of 
the working value of bond stress ordinarily assumed in design seems only 
reasonably conservative and may be recommended for general prac- 
tice. Attention may properly be called to the importance of making 
calculation of bond stress in wall footings and other beams in which 
the length is short relatively to the depth. The advantage of using 
relatively small bars in such cases is also apparent. 

Anchorage of bars by bending upward and back in a long curve or by 
looping the bar in a horizontal plane was found to add materially to 
bond resistance. 

5. The tests indicate that the vertical shearing stresses developed 
at the face of the wall, calculated by the usual] method, are higher than 
the vertical shearing stress which is found to exist in simple beams with 
concentrated loading when diagonal tension failures are developed. 
Tt was found that diagonal tension failures start at a point some distance 
away from the section at the face of the wall. This observation and 
certain analytical considerations such as the probable greater propor- 
tion of shear taken in the compression area at sections near the face 
of the wall show that, in calculating the vertical shearing stress which 
shall be used as a basis for judging the resistance to diagonal tension, 
a section some distance from the face of the wall should be used. The 
tests and the discussion indicate that a section d distant from the face 
of the wall (d being the distance from center of reinforcing bar to top 
of footing) may properly be used as the critical section for calculating 
the vertical shearing stress for this purpose, and that at this section 
the ordinarily accepted working stress may properly be used for 
calculating resistance to diagonal tension failure. 
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6. The bending up of bars at several points along the length of the 
projection gave added resistance against diagonal temsion failure. 
Vertical stirrups also added to the resistance against diagonal tension 
failure but were not especially effective. Neither method of web ‘rein- 
forcement would be very convenient in construction. Generally speak- 
ing, it will be best to try to design the footing so that the vertical 
shearing stresses will be within the limit of the working stress permitted 
in beams without web reinforcement, and thus avoid the use of web 
reinforcement. In large important footings, when diagonal tension is 
a critical element, it would seem that some kind of unit frame with 
well-formed web reinforcement would be preferable to placing stirrups 
or to bending up bars at the necessary intervals. In stepped and 
sloping footings attention should be called to the larger diagonal tension 
and bond stresses developed. The increase in these stresses over those 
found in footings of uniform depth may be sufficient to decide against 
the use of stepped and sloping footings. 

7. The footings having I-beams embedded in the concrete carried 
high loads, perhaps corresponding to the yield-point tensile strength of 
the lower flange of the I-beams and more than double what would be 
carried by naked I-beams, The weight of the I-beams, of course, was 
greater than that of the reinforcing bars used in the reinforced con- 
crete wall footings. 

35. Column Footings.—The requirement of uniform load and the 
presence of double-curved flexure complicate an investigation of 
column footings. In this investigation methods of testing were devel- 
oped. As these are presumably the first tests on column footings, the 
phenomena of the tests and data of their action will be of interest to 
designers, especially in the directions in which tests have brought out 
weaknesses not always recognized and usually not guarded against. 
The results contribute data toward the settlement of methods of caleu- 
lating of both the bending moment and the resisting moment for square 
footings, and the principles may with care be extended to other forms. 
The results may not easily be summarized, but the following statements 
are intended to cover the principal matters brought out in the tests: 

1. A square column footing under load may be expected to take a 
bowl-shaped form. In slabs subject to bending in two directions, the 
stress in a fiber can not differ from that in an adjoining fiber at the 
same level without setting up longitudinal shear; and as there is 
considerable resistance to variation from equality of stress in adjoin- 
ing fibers, it may be expected that in stiff thick pieces (as are footings 
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of ordinary design, where the thickness is large in comparison with the 
length of the projection) the deformations and consequent stresses will 
be distributed over the width of a cross section and that considerable 
stress will be developed even in the fibers at the edge of the footing. 

2. For footings having projections of ordinary dimensions, the 
critical section for the bending moment for one direction (which in two- 
way reinforced concrete footings is to be resisted by one set of bars) may 
be taken to be at a vertical section passing through the face of the pier. 
In calculating this moment, all the upward load on the rectangle lying 
between a face of the pier and the edge of the footing is considered to 
act at a center of pressure located at a point half-way out from the 
pier, and half of the upward load on the two corner squares is con- 
sidered to act at a center of pressure located at a point six-tenths of the 
width of the projection from the given section. By equating this 
bending moment and the resisting moment which is available at the 
given section, the maximum tensile stress in the concrete or in the 
reinforcing bars may be calculated. 

3. As is usually the case when plain concrete is used in flexure, the 
unreinforced footings show considerable variation in results. The varia- 
tions were such as not to permit a method of determining the effec- 
tive width of resisting section to be established or to obtain a formula 
for resisting moment. Based upon the full section of the footing, the 
moduli of rupture obtained were considerably less than the moduli of 
rupture of control beams made with the same concrete. 

4. In reinforced concrete column footings, resistance to non- 
uniformity of stress in adjoining bars will be given by bond and by 
longitudinal shear in the concrete, and the amount of variation from 
uniformity of stress in the various bars will depend upon the spacing 
of the bars as well as upon the relative dimensions of the footing. With 
two-way reinforcement evenly spaced over the footing, it seems that the 
tensile stress is approximately the same in bars lying within a space 
somewhat greater than the width of the pier and that there is also 
considerable stress in the bars which lie near the edges of the footing. 
For intermediate bars stresses intermediate in amount will be developed. 
For footings having two-way reinforcement spaced uniformly over the 
footing, the method proposed for determining the maximum tensile 
stress in the reinforcing bars, is to use in the calculation of resisting 
moment at a section at the face of the pier the area of all the bars 
which lie within a width of footing equal to the width of pier plus 
twice the thickness of footing, plus half the remaining distance on each 
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side to the edge of the footing. This method gives results in keeping 
with the results of tests. When the spacing through the middle of the 
width of the footing is closer, or even when the bars are concentrated 
in the middle portion, the same method may be applied without serious 
error. Enough reinforcement should be placed in the outer portion to 
prevent the concentration of tension cracks in the concrete and to pro- 
vide for other distribution stress. 

5. The method proposed for calculating maximum bond stress in 
column footings having two-way reinforcement evenly spaced, or spaced 
as noted in the preceding paragraph, is to use the ordinary bond stress 
formula, and to consider the circumference of all the bars which were 
used in the calculation of tensile stress, and to take for the external 
shear that amount of upward pressure or load which was used in the 
calculation of the bending moment at the given section. 

An important conclusion of the tests is that bond resistance is one 
of the most important features of strength of column footings, and 
probably much more important than has been appreciated by the average 
designer. The calculations of bond stress in footings of ordinary dimen- 
sions where large reinforcing bars are used show that the bond stress 
may be the governing element of strength. The tests show that in mul- 
tiple-way reinforcement a special phenomenon affects the problem and 
that lower bond resistance may be found in footings than in beams. 
Longitudinal cracks form under and along the reinforcing bar due to 
the stretch in the reinforcing bars which extend in another direction, 
and these cracks act to reduce the bond resistance. The development of 
these cracks along the reinforcing bars must be expected in service under 
high tensile stresses, and low working bond stresses should be selected. 
An advantage will be found in placing under the bars a thickness of 
concrete of two inches, or better three inches, for footings of the size 
ordinarily used in buildings. 

Difficulty may be found in providing the necessary bond resistance, 
and this points to an advantage in the use of bars of small size, even 
if they must be closely spaced. Generally speaking, bars of 34-in. size or 
smaller will be found to serve the purpose of footings of usual dimen- 
sions. The use of large bars, because of ease in placing, leads to the 
construction of footings which are insecure in bond resistance. In the 
tests the column footings which were reinforced with deformed bars de- 
veloped high bond resistance. Curving the bar upward and backward 
at the end increased the bond resistance, but this form is awkward in 
construction. Reinforcement formed by bending long bars in a series 
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of horizontal loops covering the whole footing gave a footing with high 
bond resistance. 

6. Asa means of measuring resistance to diagonal tension failure, 
the vertical shearing stress calculated by using the vertical sections 
formed upon the square which lies at a distance from the face of the 
pier equal to the depth of the footing was used. This calculation gives 
values of the shearing stress, for the footings which failed by diagonal 
tension, which agree fairly closely with the values which have been 
obtained in tests of simple beams. The formula used in this calculation 


‘ V : : : 
18 ei? where V is the total vertical shear at this section taken to 


be equal to the upward pressure on the area of the footing outside of 
the section considered, 0 is the total distance around the four sides of 
the section, and jd is the distance from the center of reinforcing bars 
to the center of the compressive stresses. This stress is somewhat larger 
than the average vertical shear over the section which is sometimes used. 
The working stress now frequently specified for this purpose in the 
design of beams, 40 lb. per sq. in., for 1-2-4 concrete, may be applied to 
the design of footings. 

The punching shear may be calculated for the vertical sections 
which inclose the pier footing, although it may be expected that shear 
failure may not be produced exactly on this section. The value now 
generally accepted for punching shear, 120 lb. per sq. in. for 1-2-4 con- 
crete, may be used for the working stress in this case. 

7. No failures of concrete in compression were observed, and none 
would be expected with the low percentages of reinforcement used. The 
compressive stresses in the pier of the footing were in some cases very 
high and in a few instances the pier failed and was replaced by a cube 
of concrete. In frequent cases there were signs of distress near the in- 
tersection of pier and footing where there is an abrupt change in direc- 
tion of surfaces and where the combined stresses are very high. 

8. In stepped footings, the abrupt change in the value of the arm 
of the resisting moment at the point where the depth of footing changes 
may be expected to produce a correspondingly abrupt increase of stress 
in the reinforcing bars. Where the step is large in comparison with the 
projection, the bond stress must become abnormally large. It is evident 
that the distribution of bond stress is quite different from that in a 
footing of uniform thickness. The sloped footing also gives a distri- 
bution of stress which is different from that in a footing of uniform 
thickness. However, for footings of uniform thickness the bond stress 
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is a maximum at the section at the face of the pier; in a sloped footing 
the bond stress at the section at the face of the pier would be less accord- 
ingly than in a footing of uniform thickness, and a moderate slope may 
be found to distribute the bond stress more uniformly throughout the 
length of the bar. This is not of advantage if the full embedment of 
the bar is effective in resisting any pull due to bond. 

9. The use of short bars placed with their ends staggered increases 
the tendency to fail by bond and cannot be considered as acceptable 
practice in footings of ordinary proportions. In footings in which the 
projection is short in comparison with the depth the objection is very 
great. 

10. Footings having reinforcement placed in the direction of the 
diagonals as well as parallel to the sides (four-way reinforcement) gave 
good tests. The significance of the results is so obscured by the variety 
of manner of failure (bond, diagonal tension, and perhaps tension) and 
by variations in the quality of the concrete, that a comparison with 
two-way reinforcement on the basis of loads carried would not be of 
value. This type of distribution of reinforcement should be included 
in further tests. Measurements of deformation in the bars are needed 
to determine the division of stress among the four sets of bars. 

36. Concluding Remarks.—The tests of wall footings and column 
footings leave uncertainty in some parts of the problem and there are 
gaps in other parts. The recent development of the portable extenso- 
meter or strain gage and the skill and experience which have been 
gained in its use in recent tests have opened opportunities for obtaining 
information on the stresses developed in such test pieces which were not 
available when the series of tests was undertaken. It is suggested that 
some of the remaining unsolved problems may most readily be attacked 
by measurement of deformations in the steel and concrete, and that, fur- 
ther investigation may best be carried on by constructing a form of 
apparatus which will permit such measurements to be taken under the 
conditions of uniform loading. 


